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ABSTRACT
Traditional agricultural practices often result in gaseous losses of nitrous oxide
(N2O), ammonia (NH3), and carbon dioxide (CO2), representing a net loss of nutrients
from agricultural soils, which negatively impacts crop yield and requires farmers to
increase nutrient inputs. By adopting best management practices (BMPs; i.e., no-tillage,
cover crops, sub-surface manure application, and proper manure application timing),
there is great potential to reduce these losses. Because N2O and CO2 are also greenhouse
gases (GHGs), climate change mitigation via BMP adoption and emissions reductions
would be an important co-benefit. However, adopting a no-tillage and cover cropping
system has had setbacks within the Northeast, primarily due to concerns regarding
manure nitrogen (N) losses in no-tillage systems as well as uncertainty surrounding the
benefits of cover crops. This thesis used two field-trials located in Alburgh, Vermont to
assess differences in (i) GHG emissions from agricultural soils, (ii) nitrate and
ammonium retention, (iii) corn yield and protein content, and (iv) N uptake and retention
via cover crop scavenging under a combination of different BMPs.
Chapter 1 evaluates the effects of different reduced-tillage practices and manure
application methods (i.e., vertical-tillage, no-tillage, manure injection, and broadcast
manure application) on reducing N2O and CO2 emissions, retaining inorganic N, and
improving crop yields. Greenhouse gas measurements were collected every other week
for the growing season of 2015-2017 via static chamber method using a photoacoustic
gas analyzer. Results from this study showed that tillage regimes and manure application
method did not interact to affect any of the three research objectives, although differences
between individual BMPs were observed. Notably, vertical tillage enhanced CO2
emissions relative to no-tillage, demonstrating the role of soil disturbance and aeration on
aerobic microbial C transformations. Manure injection was found to significantly
enhance both N2O and CO2 emission relative to broadcast application, likely due to the
formation of anerobic micro-zones created from liquid manure injection. However, plots
that received manure injection retained greater concentrations of soil nitrate, a vital
nutrient for quality crop production, thereby highlighting a major tradeoff between
gaseous N losses and N retention with manure injection.
Chapter 2 evaluates the effects of tillage practices and timing of manure
application to increase N retention with the use of cover crops in order to mitigate GHG
emissions, enhance soil nitrate and ammonium retention, and improve cropping system N
uptake. Treatments at this field trial consisted of a combination of the presence or
absence of cover crops, no-tillage or conventional-tillage, and spring or fall manure
application. Greenhouse gas emissions were measured every other week via static
chamber method using a gas chromatograph for the growing season of 2018. Results
from this study showed that the presence of cover crops enhanced both N2O and CO2
emissions relative to fallow land, irrespective of tillage regime and manure application
season, likely as a result of greater N and carbon substrates entering the soil upon cover
crop decomposition. Due to enhanced N2O emissions with cover crops, cover crops did
not retain significantly greater inorganic N in the system upon termination.
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CHAPTER 1: AGRICULTURE AND GLOBAL CLIMATE CHANGE
At present, approximately 11% of the world’s terrestrial surface is utilized for
crop production to feed a rapidly increasing population of 7.6 billion people to a
projected population of 9.7 billion people by 2050 (FAO, 2016). Climate change poses
further threats to global food security. The expected impacts of climate change, such as
more frequent extreme weather events, rising atmospheric temperatures, and water
shortages (IPCC, 2018) could seriously impede the ability of agricultural production to
provide enough calories for a growing population. Indeed, providing an adequate supply
of nutrient-dense foods, despite the growing pressures on natural resources, is amongst
the most vital challenges facing humanity. For this reason, there is a pressing need to
adopt agricultural management practices that will build on-farm resiliency in the face of
climate change while simultaneously and sustainably meeting future food, fuel, and fiber
requirements.
While climate change negatively impacts the agricultural sector, agriculture is
also responsible for 9% of U.S. greenhouse gas (GHG) emissions (EPA, 2019), further
exacerbating climate change scenarios. From the agricultural sector, nitrous oxide (N2O),
methane (CH4), and carbon dioxide (CO2) are considered to be of primary concern due to
the magnitude of these GHGs being emitted as well as their radiative forces (Reicosky et
al., 2000; US EPA, 2005), which changes the Earth’s atmospheric energy balance
(Johnson et al., 2007). Furthermore, these emissions represent an indirect economic loss
for farmers as a result of nutrients being transported off-site and a decrease in soil
fertility, thereby potentially reducing crop yields. Nevertheless, agricultural practices are
1

significant producers of N2O and CH4; whereas, land management decisions have the
greatest impact on CO2 emissions from soils (CAST, 1992). This review aims to assess
the contribution of agricultural management practices and land-use decisions in
regulating the magnitude of N2O and CO2 emissions. Methane is not considered here as
emissions associated with agriculture are primarily attributed to livestock enteric
fermentation, manure management (e.g., storage under anaerobic conditions), and rice
paddies (Vergé et al., 2007), and thus is not a major GHG contributor with respect to
upland agricultural soils.

1.1. N2O emissions
Nitrous oxide is a GHG considered to be the third largest contributor to global
warming (Ciais et al., 2013) due to its relative concentration compared to CO2 and CH4.
Though the relative atmospheric concentration of N2O is smaller than that of CO2 and
CH4, it has a 100-year global warming potential 298 times that of CO2 (WMO, 2010),
and also promotes the depletion of stratospheric ozone (Ravinshakara et al., 2009). The
primary cause of N2O emissions from the agricultural sector is related to application of
synthetic nitrogen (N) fertilizers and livestock manures (Storey, 1997), with 70% of all
N2O being produced via microbial processes including chemoautotrophic and
heterotrophic nitrification and heterotrophic denitrification (Braker and Conrad, 2011).
Both heterotrophic and chemoautotrophic nitrifying microbial groups require molecular
oxygen (O2) as a terminal electron acceptor for the oxidation of ammonium (NH4+) to
nitrate (NO3-) in stepwise enzymatic reactions, and thus both groups are restricted to
aerobic environments (Butterbach-Bahl et al., 2013). However, there are notable
2

differences for these groups. Chemoautotrophic bacteria use nitrifiable N (e.g., NH4+) as
their energy source or electron donor to support metabolic activities and derive carbon
(C) from CO2 for biomass synthesis; whereas, heterotrophic nitrifiers must use organic C
compounds as an energy source and obtain no energy from the oxidation of nitrifiable N
(Butterbach-Bahl et al., 2013). Regardless of how these organisms obtain energy, they
both produce hydroxylamine during the oxidation of nitrifiable N. The chemical
decomposition of hydroxylamine to nitrite can create the potential for N2O formation
under oxygen stress, likely due to high NH4+ levels which stimulates nitrification rates
and depletes oxygen concentrations (Frame and Casciotti, 2010; Wrage et al., 2005).
Overall, it has been reported that heterotrophic nitrification dominates over autotrophic
nitrification in arable soils (Cai et al., 2010). Though nitrification has the potential to
produce N2O, denitrification is thought to be the primary mechanism driving N2O
emissions from agricultural soils (Mørkved et al., 2006).
Denitrification is defined as the biological reduction of NO3- to molecular N, with
multiple intermediate products. This reaction is carried out by a wide range of
heterotrophic facultative anaerobes that are able to use NO3- and subsequent N oxides as
a terminal electron acceptor in lieu of O2, with organic C used as an energy source
(Butterbach-Bahl et al., 2013). Denitrifying microbes possess a suite of enzymes
composed of nitrate reductase (reduction of NO3- to nitrite), nitrite reductase (reduction
of nitrite to nitric oxide), nitric oxide reductase (reduction of nitric oxide to nitrous
oxide), and nitrous oxide reductase (reduction of nitrous oxide to molecular nitrogen),
with the latter enzyme thought to be the most sensitive to O2 (Baggs and Philippot, 2011).
If denitrification is incomplete, N2O can be the terminal product as it is an obligatory
3

intermediate product rather than a byproduct, such as during nitrification. Incomplete
denitrification can be attributed to the unavailability of NO3-, inability to synthesize
nitrous oxide reductase, high O2 concentrations, or low concentrations of intermediate
products (Reddy and DeLaune, 2008). In addition, the form of fertilizer used as well as
soil management practices that alter soil properties can have a large influence on
denitrification rates and soil-atmosphere N2O exchange.
Fertilization with manure is an important component of agricultural production in
New England because of the prevalence of dairy livestock operations. However, N2O
emissions from manure are typically greater than that of synthetic fertilizers (Peterson et
al., 2006), with linear increases in emission rates as N inputs exceed the crop’s N demand
(Gregorich et al., 2005; IPCC, 2001). This is because denitrification rates, as related to
upland agriculture, are strongly influenced by available NO3-, as well as the water
holding capacity of soils and subsequent O2 concentrations, and soluble organic C
content, with the latter being prevalent in livestock manures (Paul and Beauchamp,
1989). Webster and Goulding (1989) found that soils amended with long-term liquid
manure application had three times more soil organic C, which resulted in 29 kg N ha-1
lost via denitrification relative to 5 kg N ha-1 for land that did not receive manure. As
liquid manure contains both mineral N and soluble organic C along with high moisture
content, denitrifying microbial populations become stimulated. To demonstrate the
importance of organic C on denitrifying activity, Comfort et al. (1990) found that the
greatest rate of N2O emissions occurred approximately five days following liquid manure
injection, coinciding with the greatest CO2 fluxes (an index for C availability;
Farquharson and Baldock, 2008; Xu et al., 2008); however, when soils were saturated for
4

25 days following heavy rainfall, little N2O emissions were observed as a result of lower
microbial activity following the exhaustion of labile C, despite the high levels of soil
NO3- present at this time.
Reported emissions of N2O from manured fields are highly variable due to
differences in climate, soil type, variability in manure composition, and management
practices (Gregorich et al., 2005). As an example, in the northwestern United States and
western Canada, N2O emission ranged from 1.0 to 7.1 g N2O-N ha-1 d-1 (n = 28) and 1.2
to 4.5 g N2O-N ha-1 d-1 (n = 13), respectively (Liebig et al., 2005). Within the U.S., per
unit area N2O emissions are highest in the Northeast (> 2 Mg CO2eq ha-1 y-1; USDA,
2016) largely because of N2O pulses associated with snowmelt in the spring and winter
freeze-thaw events. During this time, snow cover and soil surface layers melt while the
subsurface remains frozen, causing water ponding and increased denitrification rates
(USDA, 2016). In tandem with spring thaw and winter freeze-thaw events, applying
manure during the fall has been shown to exacerbate N2O emissions as a result of
residual inorganic-N remaining in the soil paired with increased soil moisture from snow
melt (Lemke et al., 1998; Rochette et al., 2004; Wagner-Riddle and Thurtell, 1998).
Aside from fertilizer amendment, reduced-tillage practices, such as no-tillage, can
also influence the production of N2O through alterations on soil structural quality and
water content (Ball et al., 1999), as well as enhance de-nitrifier community abundance
(Aulakh et al., 1984). However, past studies have reported contradictory results of the
impact of tillage regime on N2O emissions: several authors have reported greater N2O
fluxes under reduced-tillage practices (Abdalla et al., 2013; Ball et al., 2008; D’Haene et
al., 2008; Goossens et al., 2001), while others observed enhanced (Koga, 2013; Mutegi et
5

al., 2010; Plaza-Bonilla et al., 2014; Wang and Dalal, 2015) or no difference (Chatskikh
et al., 2008; Negassa et al., 2015) in comparison to conventional-tillage. Indeed, Abdalla
et al. (2013) had demonstrated the importance of soil texture and climate on N2O
emissions, with coarse-textured soils and drier climates reducing emissions as a result of
low water-filled pore space. Overall, there is no general consensus as to how tillage
practices influence the rate of N2O emissions from agricultural soils (Longnoul et al.,
2017).

1.2. CO2 emissions
The impacts of anthropogenic activity on rising atmospheric CO2 levels has been
discussed for over 100 years, where Tyndall (1861) first stated the ability of CO2 to
capture heat. Pre-industrial levels of atmospheric CO2 concentration were estimated as
290-295 ppm (Bolin et al., 1979); atmospheric CO2 concentrations have now exceeded
400 ppm (Schlesinger and Bernhardt, 2013) and is the primary GHG contributing to
global climate change (IPCC, 1996). It has been predicted that atmospheric CO2
concentrations could reach 500 ppm by the end of the 21st century (IPCC, 1996).
Agriculture is responsible for approximately one-third of global net CO2 emissions,
primarily due to the transformation of native ecosystems into cropping systems, but also
significant fluxes being contributed to elevated soil organic C decomposition as a result
of traditional cultivation practices, such as conventional-tillage and intensive cropping
systems (Flach et al., 1997; Lal, 2004).
From soils, CO2 fluxes are a byproduct of heterotrophic microbial decomposition
of organic matter and root respiration (Oertel et al., 2016). If water is not limiting, soil
6

CO2 flux will generally increase with temperature (Lloyd and Taylor, 1994) and C
availability; plant respiration is largely dependent on C from current photosynthetic
activity (Högberg et al., 2001) and, under non-limiting abiotic conditions, microbial
respiration increases with labile C availability (Hungate et al., 1997). To combat the rapid
increase in atmospheric CO2 concentrations, attention is being drawn to adopting
conservational agricultural practices to sequester atmospheric C within the soil profile by
modifying inputs and rates of decomposition (IPCC, 2006); in turn, switching agriculture
from a net contributor to GHG emissions to a net sink.
Conservation agriculture is a best management practice with the goal of
minimizing soil disturbance via tillage (e.g., no-tillage or reduced-tillage), achieving
permanent soil cover with cover crops or plant residue from the previous harvest, and
utilizing crop rotations during the off season (FAO, 2015). As the soil organic C pool
represents a dynamic equilibrium of gains (e.g., atmospheric CO2 fixed as C in plants
through photosynthesis) and losses (IPCC, 2006), the large appeal of conservation
agriculture stems from its inherent ability to mimic natural systems by avoiding soil
exposure to climatic elements and returning plant biomass back to the system where
nutrients can be recycled for future crops and C can be returned to the soil profile (Lal,
1997). Soil disturbance and inversion via conventional-tillage has been recognized as an
unsustainable practice as it increases soil organic C losses by stimulating aerobic
microbial decomposition (Ussiri and Lal, 2009) and promotes soil degradation and
erosion (Hobbs et al., 2008). Alvarez (2005) reported in a meta-analysis consisting of 161
contrasting tillage systems with soil sampling depths ranging from 0 to 37.5 cm that notillage and reduced-tillage increased soil organic C stocks by approximately 2.1 t ha-1 and
7

2.2 t ha-1 in comparison to conventional-tillage, with greater C sequestration rates from
long term (> 10 years) no-tillage sites. In all, total soil organic C sequestration from notillage practices has been estimated between 2.9 and 3.5 t C ha-1 (Paustian et al. 1997; Six
et al., 2002). Nonetheless, other studies have raised awareness that increased observations
in soil bulk density, as a result of no-tillage, may potentially lead to erroneous estimations
of soil organic C measurements, and thus overestimate CO2 mitigation potentials (Olsen
et al., 2014; Powlson et al., 2014; Wendt and Hauser, 2013). At this time, it is unclear
whether conservation agriculture mitigates CO2 emissions via C capture and
sequestration within the soil profile.
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CHAPTER 2: REDUCED TILLAGE AND ALTERNATIVE MANURE
APPLICATION METHOD TO MITIGATE GREENHOUSE GAS EMISSIONS
FROM A ZEA MAYS SILAGE SYSTEM

2.1. Abstract
Manure nitrogen management in reduced-tillage systems pose environmental and
agronomic concerns. Low-disturbance manure application methods, such as manure
injection, can provide the benefits of manure incorporation, including greater nutrient
retention on-site and application to the rooting zone, in reduced-tillage systems.
However, injecting liquid manure into soils can exacerbate nitrous oxide (N2O) and
carbon dioxide (CO2) emissions by providing microbes with abundant substrates needed
for metabolic functioning. We sought to assess differences in (i) soil N2O and CO2
emissions, (ii) nitrate and ammonium retention, and (iii) crop yield and protein content
under a combination of vertical-tillage, no-tillage, manure injection, and broadcast
without incorporation in a continuous corn (Zea mays L.) silage system in Vermont. Gas
measurements were taken every other week during the growing season of 2015-2017 via
static chambers using a photoacoustic gas analyzer; inorganic-N was measured with each
gas sampling event. We did not observe any significant interactions amongst manure
application and tillage treatments for any of the three objectives. Vertical-tillage
increased CO2 emissions relative to no-tillage. Manure injection increased both N2O and
CO2 emissions, with the magnitude of this effect greatest one month following
management events, yet also increased soil nitrate concentrations throughout the growing
season relative to broadcast application. Manure application method and tillage regime
did not impact crop yield or protein content. Despite the tradeoffs between inorganic
9

nitrogen retention and elevated greenhouse gas emissions, manure injection in no-tillage
systems provides a substantial benefit to farmers by reducing soil carbon losses while
retaining nitrogen for crop uptake.

2.2. Introduction
Under traditional agricultural management practices, pressure to provide food to a
growing population is likely to degrade soils, exacerbate nutrient pollution, and enhance
greenhouse gas (GHG) emissions by intensifying fertilizer inputs and land-use cultivation
(Foley et al., 2011). Agriculture has long been identified as a non-point source of
nutrients to water, contributing to impaired water quality and eutrophication (Liu et al.,
2017; Logan, 1993). At the same time, agricultural soils can be a significant source of
GHGs. Intensive cropping and traditional cultivation has led to a 40-75% decrease in soil
organic carbon (SOC; Lal, 2004), ultimately increasing carbon (C) fluxes to the
atmosphere as carbon dioxide (CO2; Houghton et al., 1983). Furthermore, agriculture is
responsible for more than 60% of global nitrous oxide (N2O) emissions, a GHG 265-298
times more powerful than CO2 at trapping heat (Myhre et al., 2013; Syakila and Kroeze,
2011). Given the potential for agricultural soils to act as nutrient and GHG sources, many
best management practices (BMPs) are targeted at retaining nutrients in agricultural soils
and preventing transport into the atmosphere and surface or ground water (Liu et al.,
2017; Logan, 1993). However, because the primary goal of agricultural management is to
increase crop productivity, a critical question becomes: are there BMPs that can attain the
multiple management goals of increasing yields and nutrient retention, while suppressing
nutrient losses and GHGs?
10

Because GHG emissions and the fate of C and nitrogen (N) within agricultural
soils is highly dependent on soil and fertilizer management (Alvarez, 2005; Duncan et al.,
2017; Flach et al., 1997; Lognoul et al., 2017; Mogge et al., 1999; Plaza-Bonilla et al.,
2014; Wang and Dalal, 2015; Webb et al., 2010), agricultural BMPs can be designed to
improve soil health and fertility, retain added nutrients, and reduce GHG emissions
(Mangalassery et al., 2014; Ruidisch et al., 2013). Agricultural BMPs can impact nutrient
retention and GHG emissions by altering soil microclimate, microbial activity and
diversity, C and N substrate availability, or a combination of the latter. Rates of N
mineralization (i.e., microbial transformation of organic N to ammonium; NH4+), and
nitrification (microbial oxidation of NH4+ to nitrate; NO3-) for example, increase with
temperature as long as moisture and molecular oxygen (O2) is not limiting (Maag and
Vinther, 1996). Nitrogen may also be immobilized, or taken up by microbes, if ample C
is available (Hart et al., 1994). Emissions are similarly sensitive to these factors. Soil CO2
fluxes are a byproduct of heterotrophic microbial decomposition of organic matter and
root respiration (Oertel et al., 2016). As long as water is not limiting, soil CO2 flux
generally increases with temperature (Lloyd and Taylor, 1994) and C availability; plant
respiration is largely dependent on C from current photosynthetic activity (Högberg et al.,
2001) and, under non-limiting abiotic conditions, microbial respiration increases with
labile C availability (Hungate et al., 1997). Soil N2O emissions are primarily a byproduct
of autotrophic nitrification or an intermediate product of heterotrophic denitrification,
(i.e., the biological reduction of NO3- to molecular N under anaerobic conditions).
Processes that control nitrification and denitrification are directly correlated to SOC,
nitrifiable N, temperature, pH, aeration, and soil drainage (Livesley et al., 2008; Mørkved
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et al., 2007) – all of which are influenced by factors including crop residue, soil porosity,
moisture, and aggregate stability (Robertson and Groffman, 2007). Given these drivers,
N2O emissions are enhanced when mineral N is greater than the crop’s nutrient demand,
especially under wet or O2-limited conditions when denitrification rates are enhanced
(Butterbach-Bahl et al., 2013; Firestone and Davidson, 1989).
Given the importance of soil management for nutrient cycling and GHG
emissions, it is critical to identify BMPs that mitigate GHG emissions and nutrient losses,
while maintaining or enhancing yields. Two BMPs of interest for meeting these goals are
reduced-tillage and alternative fertilizer application methods. One form of reduced-tillage
gaining popularity is vertical-tillage, where only ~7 cm of the soil profile is tilled
(compared to 25-33 cm with conventional-tillage) without inverting the soil profile
(Ziegler, personal communications). Others have adopted no-tillage practices, which can
improve soil structure, enhance soil biological activity (key for nutrient cycling and
therefore nutrient liberation for crop uptake), and water retention (Six et al., 2002;
Verhulst et al., 2010; FAO, 2011). These no-tillage benefits can ultimately lead to
increased soil health over time and improved crop yields (Kassam et al., 2014), although
crop yields may decline for the first 5-10 years after converting from conventional-tillage
(Derpsch et al., 2014; Rusinamhodzi et al., 2011).
Reduced and no-tillage practices can reduce SOC losses and thus may also
mitigate CO2 emissions (Alvarez, 2005; Giller et al., 2015; Paustian et al., 1997; Six et
al., 2002). However, no-tillage practices can lead to changes in bulk density and redistribution of C deeper in the soil profile, which may lead to erroneous estimations of
SOC measurements and overestimations of CO2 mitigation potentials (Wendt and
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Hauser, 2013; Olsen et al., 2014; Powlson et al., 2014). Furthermore, no-tillage practices
may have an adverse impact on N2O production (Abdalla et al., 2013; Ball et al., 1999;
Burford et al., 1981) by increasing soil aggregate size and improving water retention
(Holland, 2003), ultimately creating the anaerobic conditions needed for denitrification to
occur.
An alternative manure application method, manure injection, rather than
conventional broadcast spreading, also has the potential to alter GHG emissions and
improve nutrient retention, crop uptake, and yield. Despite the benefits of manure as a
fertilizer, manure application methods pose concerns within no-tillage systems as more
than 50% of manure-N can be lost through volatilization if not immediately incorporated
into the soil profile (Maguire et al., 2011; Powell et al., 2011). By switching from
broadcast application to manure injection, a substantial portion of ammonium-N can be
retained within soils (Duncan et al., 2017). Injection applies nutrients directly to the
rooting zone, regardless of tillage method, by using coulters to create slits (typically 1015 cm deep) in the soil, allowing liquid manure to enter the subsurface with minimal soil
disturbance. Sutton et al. (1982) found that injecting liquid manure increased corn grain
yield by an average of 2130 kg ha-1 each year for three years compared to broadcast
application. However, results regarding the impact of manure injection on GHG
emissions and mitigation are highly variable and may further present adverse effects on
N2O emissions (Chadwick et al., 2000; Dell et al., 2011; Lovanh et al., 2010). For
example, Duncan et al. (2017) found that manure injection increased N2O emissions by
84% to 152% compared to broadcast application, likely because injecting liquid manure
promoted anaerobic zones below the soil surface. These anaerobic microsites are moist
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enough to stimulate denitrifying organisms, though may not provide adequate soil
moisture for complete denitrification to molecular N (N2; Bremner, 1997).
Clearly, there are tradeoffs and uncertainties when considering BMPs (e.g., notillage or manure injection), but few studies have investigated the interacting effects of
combining these two BMPs, and even fewer have quantified tradeoffs among soil
fertility, GHG emissions, and corn silage quality and yields for multiple years as a result
of adopting these BMPs. Furthermore, as soils are highly heterogeneous in nature and as
climate is a major variable driving GHG emissions and crop yields (Lobell et al., 2011), it
is critical to gain insight as to how these BMPs interact within a specific climatic regime
such as is, New England. For these reasons, the objective of this study was to determine
the effects of combinations of BMPs (i.e., vertical-tillage, no-tillage, broadcast manure,
and manure injection) on CO2 and N2O emissions, soil inorganic-N retention, corn silage
yield, and corn silage protein content. We hypothesized that injecting manure in a notillage system would increase the amount of N substrates available for microbial
transformations under anaerobic conditions and therefore increase N2O emissions yet
reduce CO2 emissions by minimally disturbing the soil profile. We also hypothesized that
the same treatment combination would positively impact crop yield and protein content
by increasing nutrient retention in soils and availability for crops. This study will give us
one of the first looks at how these BMPs combine to affect multiple management goals,
including improving crop yield and soil fertility and reducing GHG emissions in northern
climates.
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2.3. Methods
2.3.1. Site description
The Manure Injection No Tillage (MINT) field trial is located within Borderview
Farms in Alburgh, Vermont (lat. 45.005°, long. -73.308°) and was established in May of
2013. This trial is a rainfed continuous corn (Zea mays L.) silage system with winter rye
(Secale cereal) cover crop during the non-growing season. Prior to the trial, the field was
continuous corn silage with a winter rye cover crop under conventional-tillage with no
manure application. Cover crops were terminated with glyphosate. Corn and cover crop
residue were left on the soil surface. Soils at this site are classified as a Benson rocky silt
loam (Soil Survey Staff, 2017). Soils in the MINT trial (0-10 cm) are sandy loam with a
bulk density of 1.2 g cm-3, pH of 6.3, and 4% organic matter (June 2015). Total C and N
(0-10 cm) averaged 2.4 and 0.2%, respectively (July 2015).
The experimental design was a randomized complete block with a split-split plot
arrangement (three blocks, two main plot treatments, two subplot treatments). Within
each block the main plot treatments were tillage treatments: no-tillage and vertical-tillage.
Vertical tillage was performed to a depth of 7.6 cm with a blade spacing of 18.4 cm
(2623VT; John Deere, Moline, IL, USA). Main plot treatments were 36.6 m wide by 7.4
m long. The block included a 12.2 m buffer strip between tillage treatments. Within each
block, there were two subplot manure application treatments – injected manure and
broadcast manure without incorporation. Each subplot was 3.7 by 12.2 m. Manure was
injected to a depth of 15-20 cm, but injection lines were typically filled to the soil surface
or just under the soil surface (2-3 cm) with manure. Injection bands were approximately
10 cm wide, with 75 cm spacing between bands. Each manure by tillage treatment
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combination was replicated three times (once in each of the three blocks). Details for
manure characteristics, cropping, fertilization, and harvest are listed in Table 1.

2.3.2. N2O and CO2 measurements
Greenhouse gas (N2O and CO2) emissions from soils were measured every two
weeks from the manure injection and broadcast without incorporation treatments, within
all three blocks from June 6, 2015 through November 26, 2017. Following manure
application measurement frequency increased to every other day for a week after
application, then once a week for a month. Measurements were not taken when soils were
frozen or snow covered.
Greenhouse gas measurements were analyzed using static flux chambers and an
infrared photoacoustic spectroscopy (PAS) gas analyzer (Model 1412i, Innova Air Tech
Instruments, Ballerup, Denmark), calibrated as in Iqbal et al. (2013). Static flux chamber
collars were white, polyvinyl chloride (PVC), piping with an inner diameter of 30 cm and
a height of 15 cm. Collars were installed to a depth of 12 cm such that the height of the
collar above the soil surface was ~ 3 cm, as in Parkin and Venterea (2010). Gas
concentrations were recorded every minute for a duration of ten minutes in each
treatment by placing a vented PVC lid (30 cm inner diameter and 9.5 cm inner height) on
the chamber collar with an air-tight elastic seal connected to a closed-loop system with
the PAS gas analyzer. The PAS measures gas concentrations non-destructively; any gas
that passes through the detector returns to the chamber unaltered. The PAS records gas
concentrations as μL L-1 at a standard temperature and pressure of 20 °C and 101.33 kPa,
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respectively. All vegetation within the chamber collars was cut to ground-level to avoid
capturing fluxes associated with plant respiration.
Gas fluxes (N2O and CO2) were calculated by fitting a linear regression of gas
concentration against time after chamber closure. There is concern that small chambers
and long measurement times can lead to greater gas accumulation in the chamber’s
headspace that alters soil-atmosphere diffusion gradients; however, our chamber size and
gas measurement duration was sufficient to promote low gas accumulation with linear
increases. The change in N2O and CO2 were calculated as:
!=

∆$ '
∗ ∗ ) ∗ *+
∆% (

where F is the gas production rate for CO2 (mg CO2–C m−2 h−1) or N2O (mg N2O-N m−2
h−1), ΔC/Δt is the change in gas concentration in the chamber (106 mol−1 h-1), V is the
chamber volume (0.00954 m3), A is the chamber surface area (0.0707 m2), M is the
molecular weight of CO2 or N2O (mg mol-1), ρ is the density of gas at 20 °C and 0.101
MPa (1 mole per 24.04 m3), and α is a conversion coefficient (28/44 for N2O and 12/44
for CO2).

2.3.3.

Soil sampling and analysis
We collected soil samples during each gas sampling event. Samples were

collected no further than a meter behind the chamber to a depth of 15 cm in all
treatments. Samples were placed in polyethelyne bags, homogenized in the field, and
kept on ice until transported back to the lab for further analysis. We also recorded soil
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temperature at the time of GHG sampling at each chamber base. All sampling occured
adjacent to the chamber base as to not disturb soil within the chamber.
Within 24 hours of collection, a 5 g soil subsample was extracted with 2 M KCl
for determination of inorganic-N (i.e., NO3- and NH4+) via colometric analysis (BioTek
Synergy HTX; BioTek Instruments, Inc., Winooski, VT, USA). Gravemetric soil
moisture was determined using a 5 g subsample dried at 60 °C to constant weight.

2.3.4. Crop analysis
Corn was harvested with a two-row corn chopper into a modified silage wagon
equipped with scales. A 500 g sample of harvested material from each plot was collected
and used for determining dry matter content (gravemetric procedure) and forage quality
analysis. Samples for forage analysis were dried at 60 °C and ground to pass a 1 mm
sieve. Dried and ground samples were analyzed for forage quality using Near Infrared
Reflectance Spectroscopy (NIRS) according to the procedure developed by the NIRS
Consortium (NIRSC, Hillsboro, WI) program of the National Forage Testing Association
(NFTA, Avoca, NE). Calibrations were constructed using in-house laboratory forage
analysis when NIRSC calibrations are not appropriate. Forage components included in
wet chemistry calibrations included CP (combustion), water soluble carbohydrate
(Dubois et al., 1956), neutral and acid detergent fiber (NDF, ADF, Ankom Technology,
Macedon, NY), digestible NDF (Daisy Digester, Ankton Technology, Macedon, NY),
ether extract, and ash (AOAC, 1990).
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2.3.5.

Statistical analysis
Daily CO2 and N2O flux rates and soil NH4+ and NO3- were analyzed using linear

mixed models that included (1) subplot as a random effect to account for nonindependent measurements from the same subplot over time, (2) date as a factor to
examine how treatment effects changed among days, (3) a constant variance function to
account for heterogeneous errors among the tillage and/or manure application treatments
(as needed to meet homogeneity of error assumptions), and (4) two and three way
interactions among tillage, manure, and date. Flux and inorganic-N data were
transformed as needed to meet normality assumptions: N2O fluxes were cube root
transformed; CO2 fluxes were Box-Cox transformed; and NH4+ and NO3- data were log
transformed. Cumulative growing season CO2 and N2O and crop yield and protein
content were analyzed using the same basic structure as above, but with year instead of
date.
To examine the direct and indirect effects of management practices and
hypothesized drivers on daily GHG emissions, including soil inorganic-N (NO3- and
NH4+), soil temperature, and soil moisture, we developed and compared several structural
equation models (SEM). Three SEMs were compared where (a) soil moisture and
temperature were functions of the manure and tillage treatments, (b) soil moisture and
temperature were not functions of the manure and tillage treatments, and (c) soil moisture
and temperature were not functions of the manure and tillage and NO3- was not a function
of NH4+ (Fig. S1). In these models, data were transformed and model structures remained
as they were in the ANOVAs (described above). Because C availability, as it influences
denitrification and N2O fluxes, can be quantified as concurrent CO2 fluxes (Farquharson
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and Baldock, 2008; Xu et al., 2008), we included CO2 flux as a driver of N2O in all three
SEMs. Akaike’s Information Criterion modified for small sample sizes (AICc) was used
to select the best SEM. To choose the best SEM model we chose model with the lowest
AICc value, but also examined model fit indices including Fisher’s C (where p > 0.05
indicates a good fit). We calculated indirect effects and total effects as the sum of direct
and indirect effects, when there were significant direct and indirect effects. Nonsignificant direct or indirect effects were not included in the calculation of total effects.
To better understand the impact of model variables, total unstandardized effects were
transformed into original units for N2O and CO2 (g N2O-N ha-1 d-1 or kg CO2-C ha-1 d-1).
We also multiplied the unstandardized total effect by the maximum daily range of each
variable to get the total effect for each variable across its maximum daily range
(transformed back into original units: g N2O-N ha-1 d-1 or kg CO2-C ha-1 d-1).
For cumulative GHG emissions, corn yield, and corn protein content, we did not
have sufficient sample sizes to construct SEMs (n = 36, n = 34, n = 34, respectively), so
we used AICc to choose the best ANOVA or analysis of covariance (ANCOVA) model
from all combinations of manure, tillage, and year (including all interactions) and
covariates (soil inorganic-N, soil temperature, soil moisture, and, for N2O, CO2 flux)
without interactions (α = 0.05). To choose the best model(s) we considered models with
dAICc ≤ 2 to have substantial support, where dAICc is the difference between the model
under consideration and the model with the lowest AICc value (Burnham and Anderson,
2002). When no single model was best, we chose the simplest model with a dAICc < 2
(i.e., the model with the fewest independent variables).
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All linear mixed effects models were fit using the nlme package in R Studio (R
Core Team 2018; RStudio Team 2015; Pinheiro et al., 2018). We fit SEMs and calculated
marginal and conditional R2 values using the piecewiseSEM package in R (Lefcheck,
2016). Marginal R2 describes the proportion of variance explained by fixed factors alone
(i.e., Manure, Tillage, Date and interactions), while conditional R2 describes the
proportion of variance explained by fixed and random factors (fixed factors plus subplot;
Nakagawa and Schielzeth, 2013). Treatment significance was assessed using F tests.

2.4. Results
2.4.1. Daily N2O and CO2 emissions
In general, manure injection increased N2O emissions, but not on all days (Fig.
1a). In the repeated measures ANOVA (marginal R2 = 52%), manure injection increased
daily N2O emissions early in the growing season after manure application (May-June),
but had little impact later in the growing season (July-December) when the difference
between manure application treatments were negligible (significant manure and manure
by date effects; Table 2; p < 0.05). On average, daily N2O emissions in the manure
injection treatment were 107.9 ± 12.1 g N2O-N ha-1 d-1 and ranged from -39.3 ± 26.2 g
N2O-N ha-1 d-1 on November 9, 2015 to 660.8 ± 146.9 g N2O-N ha-1 d-1 on June 3, 2015.
In comparison, daily N2O emissions from broadcast soils averaged 45 ± 5.7 g N2O-N ha-1
d-1 and ranged from -43.1 ± 47.7 g N2O-N ha-1 d-1 on July 21, 2016 to 486.8 ± 163.4 g
N2O-N ha-1 d-1 on June 25, 2015 (Fig. 1a). Over the entire study duration, manure
injection increased N2O emissions by 2.4 times relative to broadcast application, although
N2O emissions from manure injection ranged from 61 times less to 4.2 times greater than
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emissions from broadcast application. There was also a significant tillage by date
interaction for N2O emissions, but the effect of tillage was relatively small compared to
manure application and varied by day (Fig. 1b; Table 2). Daily N2O emissions from notillage averaged 70.4 ± 8.3 g N2O-N ha-1 d-1 versus 81.3 ± 10.8 g N2O-N ha-1 d-1 from
vertical-tillage. Although emissions from vertical-tillage were usually larger than those
from no-tillage, this effect was not consistent: N2O emissions from vertical-tillage ranged
from 8.1 times less to 2.1 times greater than emissions from no-tillage (Fig. 1b).
Similar to N2O, CO2 emissions were generally greatest from the manure injection
plots, although the impact of manure application treatment varied somewhat by day
(significant manure and manure by date effects; Table 2). Again, the between treatment
differences were largest early in the growing season after manure application (Fig. 2a).
Daily CO2 emissions from injected soils averaged 39 ± 4.7 kg CO2-C ha-1 d-1, while
emissions from broadcast soils averaged 31.7 ± 4.1 kg CO2-C ha-1 d-1. Specifically, CO2
flux from manure treatments ranged from 1.3 ± 0.83 kg CO2 -C ha-1 d-1 from the broadcast
without incorporation treatment on March 11, 2016 to 171.9 ± 14.3 kg CO2 -C ha-1 d-1 on
May 17, 2017 from the manure injection treatment (Fig. 2a). Relative to CO2 emissions
from broadcast application, emissions from manure injection ranged from 1.5 times less
to 2.9 times greater throughout the study duration. With respect to the tillage treatments,
CO2 production ranged from 1.2 ± 0.6 kg CO2 -C ha-1 d-1 on March 11, 2016 to 136.4 ±
25.9 kg CO2 -C ha-1 d-1 on May 17, 2017, both from vertical-tillage plots (Fig. 2b). The
difference between tillage treatments was somewhat larger for CO2 emissions than for
N2O emissions, with the largest emissions from vertical-tillage plots, although this
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difference varied by date: CO2 emissions from vertical-tillage ranged from 0.6 to 1.4
times no-tillage emissions but were on average 1.2 times no-tillage emissions (Fig. 2b).

2.4.2. Daily N2O and CO2 SEM
The best SEM did not include (a) soil moisture and temperature as functions of
the manure or tillage treatments or/and (b) NO3- as a function of NH4+ (Fig. 3; Fisher’s C
p > 0.05 for both SEMs). In the full data set, manure application method only increased
N2O emissions indirectly, by increasing available NH4+ and CO2 emissions (Fig. 3). Total
indirect effects were small, with manure injecting increasing N2O emissions by 0.03 g
N2O-N ha-1 d-1 relative to broadcast application (Table S1). Similarly, tillage method only
impacted N2O emission indirectly (Fig. 3), with no-tillage having only a small negative
effect on N2O emissions (Table S1). The largest direct effects that enhanced N2O
emissions were CO2 emissions (using CO2 emissions as an index for C availability;
Farquharson and Baldock, 2008; Xu et al., 2008), soil moisture, and available NH4+
(Fisher’s C p = 0.817; Fig. 3; Table S1). Through indirect effects, these same variables
(CO2 emissions, soil moisture, and available NH4+) also had the greatest impact on
elevated N2O emission. Specifically, across the maximum daily range of values,
increasing CO2, soil moisture, and available NH4+ increased N2O emissions by 109.2,
118.7, and 12.3 g N2O-N ha-1 d-1, respectively (Table S1).
Manure application method and tillage regime had small direct impacts on CO2
emissions; manure injection increased CO2 emissions, while no-tillage decreased CO2
emissions (Fig. 3; Table 3). Manure injection increased CO2 emissions by 13.8 kg CO2-C
ha-1 d-1, although the impact of manure injection was somewhat reduced due to the
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negative impact of NO3- availability on CO2 emissions (Fig. 3; Table S1). No-tillage
decreased CO2 emissions by 16.7 kg CO2-C ha-1 d-1; tillage regime had no indirect effects
on CO2 emissions. Soil temperature had the greatest total effect on CO2 emissions; across
the maximum daily range of values, increasing soil temperature increased CO2 emissions
by 408.4 kg CO2-C ha-1 d-1. Soil moisture, soil NH4+ and soil NO3- had similar effect
sizes, though not as substantial of an effect as soil temperature on CO2 emissions. Across
the maximum daily range of values, increasing soil moisture and soil NH4+ enhanced CO2
emissions by 87.2 and 133.8 kg CO2-C ha-1 d-1, respectively; whereas increasing soil
NO3- decreased CO2 emissions by 332.8 kg CO2-C ha-1 d-1 (Fig. 3; Table S1). Despite the
minimal impact of manure application in these results, we observed much larger pulses of
CO2 and N2O post-injection than post-broadcast, suggesting that injection does have a
large, but perhaps short-lived effect on emissions. We therefore divided our data into
post-application pulse (i.e., one month after manure application) and non-pulse datasets
to examine the short-term impacts of manure application method and tillage regime on
GHG emissions.

2.4.3. Pulse dataset SEM
During pulse events, manure application method had both direct and indirect
effects on N2O and CO2 emissions. No-tillage decreased CO2 emissions and also
decreased N2O emissions via a negative indirect impact through CO2 emissions (Fig. 4a).
For N2O emissions, total effects were slightly larger than the impacts of soil moisture and
temperature (standardized total effects; Table S1). Specifically, manure injection
increased N2O emissions by 9.4 g N2O-N ha-1 d-1. Across the maximum daily range of
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values, soil temperature decreased N2O emissions by 2.2 g N2O-N ha-1 d-1 whereas the
interaction between soil moisture and soil temperature increased N2O emissions by 159.2
g N2O-N ha-1 d-1 (Table S1). CO2 emissions and soil NH4+ had smaller total effects on
N2O emissions. Across the maximum daily range of values, CO2 emissions and soil NH4+
increased N2O emissions by 22.5 and 8 g N2O-N ha-1 d-1, respectively (Table S1).
Similar to N2O emissions, no-tillage decreased CO2 emissions by 217.7 kg CO2-C
ha-1 d-1 and manure injection increased emissions by 126.8 kg CO2-C ha-1 d-1. Soil
moisture had the largest effect on CO2 emissions, which increased emissions by 1706.3
kg CO2-C ha-1 d-1 across the maximum daily range (Table S1). Soil NO3- and NH4+ also
had large impacts on CO2 emissions, though not as substantial as soil moisture. Across
the maximum daily range of values, soil NO3- decreased CO2 emissions by 449.8 kg CO2C ha-1 d-1 whereas soil NH4+ increased emissions by 240 kg CO2-C ha-1 d-1 (Table S1).

2.4.4. Non-pulse dataset SEM
During non-pulse times, manure application method and tillage regime had no or
only small indirect effects on CO2 and N2O emissions. The largest impacts on both
emissions were from soil temperature and moisture (Fig. 4b). For N2O, soil moisture and
CO2 emissions had the largest direct impacts, increasing N2O emissions by 37.9 and 49.8
g N2O-N ha-1 d-1, respectively, across the maximum daily range of values (Table S1). All
other variables had non-significant or negligible impacts on N2O emissions. Similarly,
soil temperature and moisture had the largest impacts on CO2 emissions across the
maximum daily range of values. Soil temperature had the largest impact and increased
CO2 emissions by 422.7 g CO2-C ha-1 d-1 whereas soil moisture decreased emissions by
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87.2 g CO2-C ha-1 d-1, likely due to the negative correlation with soil temperature such
that increasing soil moisture decreased soil temperature (Fig. 4b; Table S1). Although not
as strong of a correlation as soil temperature and moisture, soil NO3- also decreased CO2
emissions by 124 kg CO2-C ha-1 d-1 across the maximum daily range of values.

2.4.5. Cumulative Emissions
Cumulative N2O emissions over the study period were significantly greater from
the manure injection treatment and were affected by manure application method, year,
cumulative CO2 fluxes, soil moisture, soil NH4+, and by an interaction with soil moisture
and soil temperature (p < 0.05; Fig. 4a; Table 4). The repeated measures ANOVA and
ANCOVA explained 16 and 39% of the variation in N2O emissions during the study
duration, respectively (marginal R2 values; Table 4). In general, increases in cumulative
CO2 fluxes promoted greater cumulative N2O emissions; whereas, increases in soil NH4+
marginally decreased cumulative N2O emissions. For the interaction between soil
moisture and temperature, when soil moisture was low, an increase in temperature
generally promoted greater N2O emissions; however, when soil moisture was high, N2O
emissions were not largely affected by an increase in soil temperature. Overall, elevated
soil moisture promoted greater N2O emissions. Cumulative emissions of N2O were on
average 2.2 times greater in the manure injection treatment than the broadcast treatment
and ranged from 4104.9 ± 1177.2 g N2O-N ha-1 in 2016 in the broadcast treatment to
20797.5 ± 3647.2 g N2O-N ha-1 in 2017 in the manure injection treatment (Fig. 5a).
Cumulative CO2 emissions were greater in the manure injection and verticaltillage treatments, and were significantly affected by tillage regime, year, manure by year,
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tillage by year, soil temperature, soil NH4+, soil NO3-, and by an interaction between soil
moisture and soil temperature (p < 0.05; Table 4). The repeated measures ANOVA
explained 44% of the variation in CO2 emissions, whereas the repeated measures
ANCOVA explained 60% of the variation (marginal R2 values; Table 4). We observed a
positive linear increase with soil NH4+ and cumulative CO2 emissions; whereas, an
increase in soil NO3- marginally decreased emissions. Cumulative CO2 emissions
followed a similar trend as cumulative N2O emissions in regard to the interaction
between soil moisture and temperature: greater soil moisture promoted greater
cumulative CO2 emissions; however, when soil moisture was high, an increase in
temperature generally decreased CO2 emissions, likely as a result of the largest daily CO2
fluxes recorded after management events rather than coinciding with soil temperature.
For the manure application treatments, cumulative emissions of CO2 were on average
1.14 times greater with manure injection relative to broadcast without incorporation.
Although the difference between manure application methods varied by year (significant
manure by year interaction), emissions in the injection treatment were the same or greater
than emissions from the broadcast treatment in every year (Fig. 5c). Cumulative CO2
fluxes from the manure treatments ranged from 5171.4 ± 309.4 kg CO2 -C ha-1 in the
broadcast without incorporation treatment in 2015 to 8139.2 ± 673.7 kg CO2 -C ha-1 in
the manure injection treatment in 2017 (Fig. 5c). From the tillage treatments, cumulative
CO2 emissions were on average 1.2 times greater in the vertical-tillage plots compared to
the no-tillage plots (Fig. 5d). The difference in cumulative emissions between the notillage and vertical-tillage plots increased each year (significant tillage by year
interaction; Fig. 5d), and ranged from 5674.5 ± 315.3 kg CO2 -C ha-1 in the no-tillage
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plots in 2015 to 8532.6 ± 623.2 kg CO2 -C ha-1 in the vertical-tillage plots in 2017 (Fig.
5d).

2.4.6. Soil inorganic-N
Manure application method, date, and soil moisture significantly impacted soil
NO3- concentrations (p < 0.05; Table 5). On average, manure injection increased soil
NO3- concentrations by 2.2 times throughout 2015-2017 and ranged from 0.9 ± 0.6 mg
NO3- kg-1 on May 6, 2016 to 160.7 ± 44.1 mg NO3- kg-1 on July 7, 2017. Soil NO3concentrations from the broadcast treatment ranged from 0.6 ± 0.2 mg NO3- kg-1 on May
6, 2016 to 79.7 ± 20 mg NO3- kg-1 on July 10, 2015 (Fig. 6a). In general, an increase in
soil moisture increased soil NO3- concentrations, with manure injection showing a greater
linear increase. Unlike the GHG emissions, NO3- concentrations remained consistently
higher throughout the entire duration of sampling, although this trend was not observed
for 2017 where differences later in the growing season were no longer apparent after
approximately three months post manure application (Fig. 6a).
Soil NH4+ concentrations followed the same general trend as soil NO3concentrations, with manure application method and date as significant treatments (p <
0.05; Table 5). Manure injection increased soil NH4+ concentrations on average by 1.7
times and ranged from 0.02 ± 0.02 mg NH4+ kg-1 on August 6, 2015 to 108.7 ± 24.9 mg
NH4+ kg-1 on May 25, 2016. Soil NH4+ concentrations from the broadcast treatment
ranged from 0.09 mg NH4+ kg-1 on September 2, 2016 to 89.4 ± 35 mg NH4+ kg-1 on May
21, 2016 (Fig. 6b). Soil NH4+ concentrations immediately peaked after manure
application and leveled off to negligible concentrations approximately one month after
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manure application (Fig. 6b). Our measured covariates did not significantly impact soil
NH4+ concentrations.

2.4.7. Corn yield and protein content
The repeated measures ANOVA explained 48% of the variation in corn yield and
predicted that there were no significant treatments or interactions amongst treatments
(marginal R2; Table 6). However, the repeated measures ANCOVA (marginal R2 = 34%)
predicted a marginally significant interaction between tillage and year (p = 0.12); there
tended to be general increases in corn yield in the no-tillage with manure injection plots,
except for 2016 (Fig. 7a).
The repeated measures ANOVA explained 43% of the variation in corn protein
content and predicted that year was the only significant predictor variable (Table 6). Corn
protein content was significantly lower in 2015 relative to 2016 and 2017, irrespective of
manure or tillage treatment and ranged from 6.6 ± 0.49% in 2015 to 9.6 ± 0.55% in 2016
(Fig. 7b). In the ANCOVA, soil moisture and soil temperature were significant covariates
affecting corn protein content with an interaction between soil moisture and soil
temperature having a marginally significant effect (p = 0.06; Table 4). In general, corn
protein content decreased as soil moisture and temperature increased from 12.5 to 23.5%
and 13.5 to 19 °C, respectively.
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2.5. Discussion
2.5.1. Manure injection increased N2O and CO2 emissions
Across all three years (2015-2017), manure injection increased daily N2O
emissions with N2O fluxes on average almost three times as large as N2O emissions from
broadcast manure application (Figs. 1a and 5a). When considering pulse events (i.e., one
month after manure application), manure injection increased daily N2O emissions by 4.1
times relative to broadcast application. These results are consistent with other studies that
have observed the impact of manure injection on N2O emissions (Duncan et al., 2017;
Flessa and Beese, 2000; Rubaek et al., 1996; Vallejo et al., 2005; Velthof et al., 2003;
Wulf et al., 2002). Others have correlated increased N2O emissions to the addition of
labile manure C paired with the lack of soil aeration, which increases denitrification
activity (Vallejo et al., 2005; Webb et al., 2010). Cattle manure is rich in metabolizable-C
and N, which provides substrates for both nitrification and denitrification and stimulates
losses of N2O (Firestone and Davidson, 1989). The increase in microbial activity as a
result of greater C and N substrates directly entering the soil could also enhance O2
consumption (Van Groenigen et al., 2005), further promoting N2O emissions via O2
depletion and subsequent anaerobic soil conditions, consistent to our SEM results where
manure injection enhanced C mineralization (i.e., CO2 emissions). In addition, soil O2
concentrations generally decrease as soil moisture increases (Sierra et al., 2017); further
promoting anaerobic soil micro-sites and favoring greater denitrification rates. In support
of this, we found manure injection enhanced soil moisture relative to broadcast
application, resulting in elevated N2O fluxes (Fig. S2). In all, as the difference in N2O
emissions was greatest following manure application, greater C and N substrates paired
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with low O2 from increased soil moisture with liquid manure injection and elevated
mineralization of SOC are likely the dominant mechanisms for our observed N2O
emissions, although the impacts of these drivers differ in the context of pulse and nonpulse events, as demonstrated by our SEM results. During pulse events, we found that
there were many direct and indirect impacts of manure application on N2O emissions,
notably, manure injection, the interaction between soil moisture and soil temperature, C
availability, and NH4+ availability (Fig. 4a). During non-pulse events (where N2O fluxes
were comparatively low) the largest drivers were available C and soil moisture (Fig. 4b),
further demonstrating the strong influence of available nutrients and soil physiochemical
properties when considering N2O emissions and how these parameters are affected by
BMPs.
The greatest N2O peaks occurred one to three weeks post manure application,
likely due to the need for manure-N to be nitrified to NO3- before denitrification could
occur, as described by Flessa and Besse (2000). We also observed this trend where soil
NH4+ concentrations peaked directly after manure application, followed by a rapid
decline after one to two weeks post-spreading, suggesting high nitrification rates at our
field site. High N2O emissions after manure application can further be linked to the
significant interaction amongst soil moisture and soil temperature during pulse events
(Fig. 4a). During this time, when soil moisture was low (i.e., less than 18.3%; determined
by the median soil moisture value from manure injection plots one month following
application) an increase in temperature from 12.5 to 21 °C generally decreased emissions;
whereas, when soil moisture was high (i.e., greater than 18.3%) N2O emissions were not
affected by an increase in soil temperature and were overall consistently greater than
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emissions with low soil moisture. Multiple authors have reported that elevated soil
moisture can trigger bursts or sustained N2O emissions (Dobbie et al., 1999; Robertson
and Groffman, 2007; Smith et al., 2003). As NO3- became available and as soil moisture
increased, denitrifying bacteria were likely stimulated. Although manure was injected to
a depth of 15 to 20 cm, liquid manure was consistently zero to three cm below the soil
surface. This shallow depth below the soil surface likely did not provide a large enough
diffusion pathway for N2O to be completely reduced to N2. After approximately three
months post-manure spreading, differences in N2O emissions by manure application
method became indistinguishable and leveled off later in the growing season, which is
consistent to the finding of Duncan et al. (2017) and coincides with our non-pulse SEM
where manure application method no longer had a significant direct impact on emissions
(Fig. 4b).
Peak N2O flux after manure application for 2016 was smaller than peak fluxes
from 2015 and 2017 (Fig. 1a), likely due to the lower nutrient content and manure
application rate during this year (Table 1). However, soil NO3- concentrations were
consistently higher during 2016 after manure application and throughout the growing
season relative to 2015 and 2017 (Fig. 6a). Soil NH4+ concentrations were also greatest in
2016 before and after manure application and leveled off around July (Fig. 6b). This
observation highlights the importance of climatic parameters when considering N
transformations and subsequent GHG fluxes from agricultural soils via alterations of soil
moisture and temperature on microbial processes (Xu et al., 2012). Mean precipitation
(including days in which it did not rain) during the 2016 sampling period (March 6, 2016
to November 9, 2016) was 2.65 mm compared to 3.57 and 3.20 mm for the sampling
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periods of 2015 and 2017, respectively (daymetr package; Hufkens et al., 2018). By way
of example, gravimetric soil moisture directly before manure application in 2016 and
2017 measured 15.9 and 20.8%, respectively, both irrespective of manure application
treatment. The comparatively lower precipitation for 2016 relative to 2015 and 2017 and
the subsequently lower soil moisture can potentially explain the lower N2O fluxes after
manure application in 2016 by impeding denitrification from lack of moisture; however,
soil moisture was likely adequate to promote nitrification as we observed the largest
increase in soil NO3- during this time (Fig 6a). These results may further explain why we
did not observe a significant interaction between soil NO3- and daily or cumulative N2O
emissions (Table 3; Table 4). We still expect that denitrification was the primary
mechanism for N2O production, though NO3- was likely not a limiting factor for
denitrification (Fig. 6a). Rather, limitations in adequate soil moisture and subsequent
elevated soil O2 conditions likely impeded denitrification during dry periods.

As for N2O, daily CO2 emissions were on average 1.2 times higher with manure
injection relative to broadcast application over the duration of the study, consistent with
the findings of Phan et al. (2012) and Dosch and Gutser (1996). When considering
average CO2 emissions after pulse events, manure injection increased emissions by 1.5
times relative to broadcast application one month after manure application. Unlike N2O
emission, CO2 emissions peaked quickly, about 74 hours after manure application and
tillage. Carbon dioxide peaks likely occurred earlier than N2O peaks due to the addition
of readily oxidizable C within the manure entering the soil. Consistent with this idea,
Comfort et al. (1988; 1990) studied C and N dynamics following liquid manure
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application and attributed increased CO2 production during the first 10 days after manure
application to the mineralization of water-soluble organic C present in the manure. The
relationship we observed between CO2 and N2O fluxes in our SEM also suggests that
much of the CO2 pulse is associated with labile C (Farquharson and Baldock, 2008; Xu et
al., 2008). Flessa and Besse (2000) also found that immediate CO2 fluxes following
manure application may be a result of the release of CO2 and bicarbonate (HCO3-)
dissolved in the slurry, with HCO3- being oxidized to CO2.
Although manure injection directly impacted CO2 emissions from the full SEM
and pulse SEM, we found that the impact of manure injection on emissions was only
large during pulse events. When considering cumulative CO2 emissions by manure
application method, we found no significant difference between manure injection or
broadcast application with the ANCOVA model, although there was still a significant
interaction between manure application method and year (Table 4). This finding suggests
that differences in CO2 emissions with manure injection are only elevated directly after
manure application and that the magnitude of these emissions are further controlled by
exogenous variables when considered over a time-scale longer than one year. As such,
notable differences were found in soil temperature and moisture from our three SEMs
that either greatly enhanced or had no impact on CO2 emissions; soil temperature had the
greatest impact on CO2 emissions from the full and non-pulse SEMs but was not a
significant variable during pulse events. For the full and non-pulse SEMs, as soil
temperature increased by 1 °C, CO2 emissions increased by 6.9 and 7.1 kg C ha-1 d-1,
respectively (Table S1). The effects of temperature on CO2 emissions from soils are well
documented (Brooks et al., 1997; Dalal and Allen, 2008; Dittmer et al., 2018; Fang and
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Moncrieff, 2001; Gaumont-Guay et al., 2006; Holst et al., 2008). The lowest CO2 flux
was recorded in March of 2017 which coincides with the lowest soil temperatures
recorded in the study (Fig. S3). Lower respiration rates can be attributed to impeded
microbial activity during this time in which soil temperature was also low (Al-Kaisi and
Yin, 2005). In contrast, the largest CO2 fluxes occurred directly after manure application
and tillage events and did not coincide with the highest soil temperature. Similarly, soil
moisture throughout all three years was greatest directly after manure injection in May
2017, coinciding with peak CO2 emissions; however, the lowest soil moisture recorded in
September 2017 did not coincide with the lowest CO2 flux. These results suggest that the
greatest CO2 emissions observed in this study were more affected by nutrient amendment
and soil disturbance than by soil physiochemical properties in the short-term.
In all three SEMs, manure injection increased soil NO3- concentrations which lead
to a decrease in daily CO2 emissions (Table 3); this negative relationship was also
observed for cumulative CO2 emissions. The negative relationship between soil NO3- and
CO2 emissions has only recently been reevaluated as previous modeling studies, such as
in Li et al. (1994), have generally predicted that higher CO2 emissions from soils will be
a result of increased N fertilization. Gagnon et al. (2016) conducted an incubation study
with eight different intact bare soil types ranging from loamy sand to heavy clay with and
without 150 kg N ha-1 as KNO3 or (NH4)2SO4 and found that N-fertilized soils reduced
heterotrophic respiration by 25% relative to the no-N control for six out of the eight soils,
regardless of N type. With respect to N type, they found that CO2 emissions were on
average 22% lower with KNO3 than with (NH4)2SO4, and that the magnitude of the effect
was highest with clay soils, corroborating well with our SEM results where elevated NO335

suppressed CO2 emissions. As further evidence, Gagnon et al. (2016) conducted a second
study with a similar goal of determining the effect of three different N sources and rates
on CO2 emissions under field conditions. From this study, they found that the no-N
control promoted the greatest CO2 emissions (4.9 Mg C ha-1) relative to the N-fertilized
soils irrespective of N fertilizer type (4.0 ± 0.3 Mg C ha−1 averaged across all three N
fertilizer types) with greater N fertilizer rates further reducing CO2 emissions. The results
from Gangon et al. (2016) and our study suggest that NO3- fertilization has a depression
effect on microbial oxidation of SOC by potentially increasing net primary productivity.

2.5.2. No-tillage reduced CO2 emissions
Overall, vertical-tillage increased daily CO2 emissions on average by 1.2 times
compared to no-tillage for the entire study duration (Fig. 2b). Our findings demonstrate
that even reduced-tillage practices, such as vertical-tillage, have the potential to increase
SOC losses (as CO2) relative to no-tillage, with the greatest emissions directly after
tillage (Fig. 4a). This finding becomes especially apparent as soil temperature, the
strongest variable enhancing CO2 emissions from the full and non-pulse SEMs, did not
have a significant effect on CO2 emissions during pulse events. Greater CO2 emissions
from vertical-tilled soils highlights the role of soil disturbance via tillage in breaking
down macroaggregates and the subsequent release of labile soil organic matter for
aerobic microbial decomposition (Ussiri and Lal, 2009), irrespective of climatic variables
after tillage.
Reduced CO2 emissions from no-tillage are either a result of increased SOC
inputs to the soil or decreased decomposition of soil organic matter and oxidation of
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SOC, or a combination of the latter (West and Post, 2002). Total SOC sequestration from
no-tillage practices has been estimated between 2.9 and 3.5 t C ha-1 (Paustian et al. 1997;
Six et al., 2002). By adopting no-tillage practices, agricultural soils can be transformed
from CO2 sources to sinks by sequestering organic C for approximately 10 to 20 years
(Kern and Johnson, 1993), thereby mitigating the greenhouse effect (Follett, 2001).
Nevertheless, soil C sequestration rates should be expected to have a delayed response
with peak sequestration rates in 5 to 10 years and decline to near zero in 15 to 20 years
(West and Post, 2002).
Although not a significant finding, our results show that no-tillage did not
increase N2O emissions relative to vertical-tillage (Fig. 1b; Fig. 5b). This result is in
contract to studies showing no-tillage to significantly enhance N2O emissions relative to
reduced-tillage practices (Ball et al., 1999; Burford et al., 1981). Elevated N2O emissions
as a result of no-tillage have been attributed to increased denitrification rates due to the
formation of anaerobic micro-aggregates within soil macro-aggregates (Ball et al., 1999),
increased microbial activity leading to greater competition for O2 (Mutegi et al., 2010),
and an increase in moisture content and bulk density (Linn and Doran, 1984). We expect
that no-tillage did not increase N2O emissions in this study due to the lack of significant
interactions regarding no-tillage and soil inorganic-N (Fig. 3; Fig. 4), the substrates
needed for nitrification and denitrification and subsequent N2O emissions. This finding
corroborates with the results of Chen et al. (2018) who further contribute no-tillage
emissions to be less than emissions from reduced and conventional-tillage due to the
coarse-textured soils at their field site, which promoted quick water drainage. Indeed, it is
probable that the magnitude at which N2O is emitted from no-tillage soils is highly
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dependent on the soil type, texture, and porosity. As Benson rocky silt loams have a
drainage class of “somewhat excessively drained” (Soil Survey Staff, 2017), the soils at
our field under no-tillage management likely did not have the water filled pore space
needed to promote denitrification, suggesting that no-tillage practices with well-drained
soils are not at high risk of N2O losses.

2.5.3. Effects of manure application on soil inorganic-N retention
Manure injection significantly increased soil NO3- and NH4+ concentrations in the
top 15 cm throughout the duration of the study (Fig. 6). Specifically, manure injection
increased average soil NO3- and NH4+ concentrations by 2.2 and 1.7 times, respectively,
thereby demonstrating the ability of manure injection to retain N in agricultural soils.
However, our findings underline the tradeoff between inorganic-N retention and elevated
N2O emissions with manure injection. Though average cumulative N2O losses only
accounted for 9.5% of the total N applied with manure injection, there is still concern
with choosing management practices that exacerbate this loss due to its potent global
warming potential. Alternatively, practices that do not immediately incorporate manure
into the soil, such as broadcast application in no-tillage systems, pose a concern for
manure-N to be lost via ammonia (NH3) volatilization (Duncan et al., 2017; Gordon et
al., 2001). Indeed, it is probable to assume that manure application methods that aim to
reduce NH3 emissions will increase N2O emissions if only because more N is entering the
soil (Webb et al., 2010).
For these reasons, manure injection still stands as a sustainable BMP to retain
inorganic-N while reducing NH3 emissions (Webb et al., 2010), but manure must be
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applied when climatic conditions are not favorable for denitrification to occur and at a
rate which will supply the crop with appropriate nutrient requirements without
overloading the system with N. The time of year in which manure is applied can
substantially impact the rate of uptake or transformation of inorganic-N (Linn and Doran,
1984). Rochette et al. (2004) found greater potential for increased N2O emissions with
fall manure application. They attribute these findings to (i) addition of N when crop
uptake is low; (ii) low evaporation in the fall typically results in greater soil moisture,
favoring denitrification; (iii) the potential for denitrification to continue during the
winter; and (iv) fall application will supply soils with N and organic C substrates which
will promote denitrification after snow melt, which is consistent with the findings of
Lemke et al. (1998) and Wagner-Riddle and Thurtell (1998). As our findings show
manure injection retains more inorganic-N in the soil profile, it is plausible to reduce the
amount of manure that is being applied via injection to mitigate N losses as N2O. It
should be noted that the optimum N input rate to reduce N2O emissions may not coincide
with the optimum N input for ideal crop growth. However, applying manure in excess of
crop requirements will result in greater inorganic-N losses as Kim and Giltrap (2017)
have shown a linear response to N inputs and N2O emissions once crop N requirements
have been met, along with adding additional and unnecessary costs to the farmer.

2.5.4. BMPs did not impact crop yield or quality
In contrast to our expectations, and despite higher soil inorganic-N
concentrations, manure injection did not enhance corn yield or protein content during the
three years of our study. It has been demonstrated that temporal variability in yield is
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mainly affected by environmental factors, with precipitation having the strongest control
(Hu and Buyanovsky, 2003; Mallory and Porter, 2007; Grover et al., 2009), and therefore
conservational-tillage practices and manure application method may not have as strong of
an impact on crop production when compared to climatic parameters. As we did not find
any significant differences in management practices on corn yield, and as no-tillage with
manure injection generally increased yields and protein content for two of the three years
of this study, these BMPs stand as a viable option to mitigate SOC losses without risking
crop production.
Corn protein content was comparatively lower during 2015 relative to 2016 and
2017, with there being little variability in precipitation and soil temperature at the time of
planting amongst the three years. Soil inorganic-N concentrations for 2015 did not begin
to increase until June 25, which is later in the growing season relative to 2016 and 2017
(Figs. 6a and 6b). For the year of 2015, corn was sewn 38-days prior to the observed
increase in soil inorganic-N (Table 1; Fig. 6). Corn shifts from using nutrient reserves in
the seed to nutrients in the soil at the V3 stage (i.e., three leaf stage), which occurs at 1020 days after emergence (Abendroth et al., 2011). Although this is not when the crop’s N
demand is greatest, we suspect that the significantly lower protein content in 2015 was a
result of N deficiency once the crop started shifting nutrient requirements from seed
reserves to soil nutrients.

2.6. Conclusion
This study was initiated to assess the synergistic impacts of manure injection and
no-tillage on mitigating N2O and CO2 emissions from agricultural soils, improving
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inorganic-N retention, and improving or stabilizing corn silage yield and quality. Though
we did not find any significant interactions amongst manure application method and
tillage regime for any of our objectives, our results primarily highlight the tradeoff
between elevated N2O emissions and inorganic-N retention with manure injection.
Specifically, manure injection more than doubled N2O emissions and soil inorganic-N
concentrations relative to broadcast application throughout the study duration. We also
found that no-tillage practices mitigate SOC losses as CO2 emissions without enhancing
N2O emissions relative to vertical-tillage. Greenhouse gas emissions were largest directly
after management events, though this effect was short-lived. As no-tillage and manure
injection did not affect crop yields or quality, our results show that these BMPs stand as
viable options to reduce SOC losses and nutrient pollution while providing adequate crop
production. In order to reduce N2O emissions associated with manure injection, we
suggest for future work to focus on determining the target rate for manure injection that is
needed to promote ideal crop yields without overloading the system with residual N.
Furthermore, as the production of N2O is of microbial origin, future research should be
focused on identifying the microbial communities and abundance of target genes
responsible for N transformation to better understand how manure injection impacts
microbial N cycling dynamics.
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Table 2.1: Dates, manure characteristics/events, and cropping events for 2015-2017.

Application
Date
58929
56123
57994

Rate
(L ha-1)

Dry
Matter
(%)
8
3.84
4.7

Total-N
(g kg-1)

18-May
19-May
18-May

Planting

83980
83980
83980

Rate
(seeds ha-1)

18-May
19-May
18-May

Date

280
224
224

Rate
(kg ha-1)

30 Sept.
21-Sept.
21 Sept.

Date

Harvest

NH4-N
(g kg-1)

3.9
2.3
2.6

Starter fertilizer
(10-20-20)

Organic-N
(g kg -1)
1.25
0.95
0.95

Planting Date

2.65
1.35
1.6

Manure Events and Characteristics

Date
15-May
17-May
12-May

Tillage
Year
15-May
17-May
12-May
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2015
2016
2017

2.7. TABLES AND FIGURES

Table 2.2: ANOVA results for daily N2O and CO2 models. Asterisk
denotes significance (p < 0.05).
Daily N2O
Daily CO2
Treatment
F
P
F
P
Manure
6.62
0.0330*
8.91
0.0175*
Tillage
0.14
0.72
12.34 0.0079*
Date 11.73 <0.0001*
59.08 <0.0001*
Manure:Tillage
0.02
0.89
0.07
0.80
Manure:Date
2.10
<0.0001*
2.61 <0.0001*
Tillage:Date
1.65
0.0032*
3.17 <0.0001*
Manure:Tillage:Date
0.99
0.51
1.01
0.45
2
Marginal R
0.52
0.85
2
Conditional R
0.54
0.86
nobservations
683
681
ngroups
12
12
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2.35

-0.12
0.59
-0.16
0.02
0.11
0.00
0.43
-0.17
0.08
-0.02
-0.01

CO2
CO2
CO2
CO2
CO2
CO2
SM
NO3NO3NO3NO3NO3NH4+
NH4+
NH4+
NH4+
NH4+

à

à

à

à

à

à

à

↔

à

à

à

à

à

à

à

à

à

à

Manure

Tillage

SM

ST

SM*ST

Soil NO3-

NH4+

ST

Manure

Tillage

SM

ST

SM*ST

Manure

Tillage

SM

ST

SM*ST

Soil

0.46

N2O

à

CO2
0.86

-1.69

0.03

-2.95

3.38

0.24

0.11

Soil

N2O

à

0.08

0.00

-0.01

NH4+

à

0.17

Soil

N2O

à

ST

SM*ST
N2O

N2O

à

SM

0.41

à

N2O

à

Tillage

NO3-

N2O

à

CO2

Rsp
N2O

Predictor
Manure

Unstd
Estimate
0.31

-1.01

-1.02

1.09

-1.18

1.54

1.00

1.12

1.03

-1.17

1.81

-0.12

0.67

-3.94

0.00

9.22

0.14

-16.69

23.82

0.01

0.00

0.00

0.00

0.00

0.01

0.07

Unstd
Estimate
(Untrans)
0.03

Full Data Set

-0.15

-0.05

0.18

-0.04

0.10

0.06

0.49

0.09

-0.06

0.23

-0.12

0.11

-0.13

0.04

0.76

0.12

-0.09

0.10

0.16

0.05

0.43

0.03

-0.01

0.26

0.07

Std
Estimate
0.05

0.0015

0.28

<0.0001

0.34

0.0296

0.11

<0.0001

0.0158

0.30

0.0028

0.0041

0.0001

<0.0001

0.11

<0.0001

<0.0001

0.0159

0.009

<0.0001

0.24

<0.0001

0.40

0.80

<0.0001

0.21

P
0.35

0.02

-0.19

-0.10

-0.42

1.35

0.00

0.25

0.02

-0.28

0.72

0.15

1.07

-1.90

-0.01

-0.50

0.85

-7.90

6.33

0.21

0.26

0.05

0.04

-0.20

0.09

-0.06

Unstd
Estimate
1.53

1.02

-1.21

-1.10

-1.51

3.85

-1.00

1.28

1.02

-1.32

2.05

0.15

1.20

-5.32

0.00

-0.17

0.66

-217.71

122.47

0.01

0.02

0.00

0.00

-0.01

0.00

0.00

Unstd
Estimate
(Untrans)
3.57

Pulse Data Set

0.18

-0.24

-0.23

-0.10

0.31

-0.02

0.50

0.06

-0.10

0.27

0.15

0.19

-0.20

-0.02

-0.11

0.35

-0.32

0.25

0.14

0.11

0.18

0.25

-0.17

0.14

-0.01

Std
Estimate
0.24

0.09

0.0043

0.0178

0.23

0.0023

0.80

<0.0001

0.49

0.30

0.0214

0.053

0.0065

0.0099

0.84

0.19

<0.0001

0.0011

0.0077

0.0395

0.20

0.0313

0.0051

0.0492

0.10

0.92

P
0.0452

-0.02

-0.04

0.05

0.01

0.16

0.00

0.11

0.03

-0.09

0.55

-0.28

0.01

-1.16

0.00

2.31

0.24

-2.00

1.93

0.09

-0.01

0.06

-0.01

0.04

0.17

0.51

-1.02

-1.04

1.05

1.01

1.17

1.00

1.11

1.03

-1.10

1.73

-0.28

0.00

-1.47

0.00

8.87

0.02

-6.07

5.56

0.00

0.00

0.00

0.00

0.00

0.00

0.13

Non-pulse Data Set
Unstd
Unstd
Estimate
Estimate (Untrans)
0.04
0.00

-0.28

-0.14

0.11

0.00

0.04

0.06

0.52

0.08

-0.04

0.22

-0.28

0.00

-0.10

0.00

0.93

0.06

-0.07

0.06

0.06

-0.01

0.36

-0.06

0.09

0.27

0.10

Std
Estimate
0.01

0.13

P
0.90

<0.0001

0.0083

0.0248

0.97

0.36

0.13

<0.0001

0.054

0.57

0.0070

<0.0001

0.95

0.0013

0.93

<0.0001

0.0198

0.08

0.09

0.16

0.89

<0.0001

0.22

0.34

<0.0001

Table 2.3: Results from the full SEM, pulse, and non-pulse SEM showing unstandardized and standardized path coefficients with p-values for all model variables.
Unstandardized estimates are shown for both raw and transformed data. Rsp = Response. Untrans = untransformed. Unstd = unstandardized. Std = Standardized. SM = soil
moisture. ST = soil temperature. Bold values denote significance (p < 0.05).
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Table 2.4: ANOVA and ANCOVA results for cumulative N2O and CO2 models. Asterisk denotes significance (p
< 0.05). SM = soil moisture (%). ST = soil temperature (°C).
Cumulative N2O
Cumulative CO2
ANOVA
ANCOVA
ANOVA
ANCOVA
F
P
F
P
F
P
F
P
Treatment
Manure 14.16 0.0055*
21.95 0.0016*
6.83
0.031*
2.78
0.13
Tillage
0.05
0.83
0.08
0.78
7.37
0.0265*
8.86
0.0177*
Year
2.71
0.12
17.41 0.0009*
12.95 0.0018*
52.18 < 0.0001*
Manure:Tillage
0.01
0.91
0.66
0.44
0.07
0.80
0.27
0.62
Manure:Year
0.95
0.34
1.44
0.25
0.02
0.88
5.85
0.0287*
Tillage:Year
0.10
0.76
0.74
0.40
4.68
0.0427*
8.89
0.0093*
Manure:Tillage:Year
0.76
0.39
1.07
0.32
0.02
0.89
0.06
0.81
-1
Soil NO3 mg-N kg
0.002
0.96
21.05
0.0004*
+
-1
Soil NH4 mg-N kg
6.73
0.0212*
28.91
0.0001*
SM
46.88 <0.0001*
2.13
0.16
ST
0.15
0.70
16.40
0.001*
SM:ST
8.18
0.0126*
14.25
0.0018*
Cumulative CO2 flux
11.96 0.0038*
2
Marginal R
0.16
0.39
0.44
0.60
2
Conditional R
0.16
0.41
0.44
0.65
nobservations
36
36
36
36
ngroups
12
12
12
12
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Table 2.5: ANOVA and ANCOVA results for daily NO3- and NH4+ models. Covariates were selected based on a model
simplification approach to preserve degrees of freedom. Asterisk denotes significance (p < 0.05). SM = soil moisture (%).
ST = soil temperature (°C).
Soil NO3Soil NH4+
ANOVA
ANCOVA
ANOVA
ANCOVA
F
P
F
P
F
P
F
P
Treatment
Manure 18.48
0.0026*
20.85
0.0018*
22.10
0.0015*
21.57 0.0017*
Tillage
1.78
0.22
1.70
0.23
2.85
0.13
2.74
0.14
Date 13.48
<0.0001*
13.84
<0.0001*
19.42 <0.0001*
19.99 <0.0001*
Manure:Tillage
3.63
0.09
3.21
0.11
0.25
0.63
0.22
0.65
Manure:Date
1.24
0.14
1.07
0.36
0.94
0.59
1.03
0.43
Tillage:Date
0.79
0.85
0.78
0.85
0.84
0.78
0.80
0.82
Manure:Tillage:Date
0.95
0.58
0.96
0.56
0.43
1.00
0.45
1.00
SM
7.20
0.0076*
0.09
0.76
ST
0.40
0.53
1.11
0.29
SM:ST
3.14
0.08
0.43
0.51
2
0.60
0.59
0.71
0.72
Marginal R
0.62
0.61
0.71
0.72
Conditional R2
615
590
619
589
nobservations
12
12
12
12
ngroups
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Table 2.6: ANOVA and ANCOVA results for corn yield and protein content. Asterisk denotes significance (p <
0.05). SM = soil moisture (%). ST = soil temperature (°C).
Yield
Protein
ANOVA
ANCOVA
ANOVA
ANCOVA
F
P
F
P
F
P
F
P
Treatment
Manure 0.34 0.57
0.56 0.48
0.01
0.94
0.003
0.96
Tillage 0.73 0.42
1.63 0.24
0.12
0.73
0.34
0.57
Year 0.16 0.69
0.01 0.91
39.64 <0.0001*
134.29 <0.0001*
Manure:Tillage 1.59 0.24
1.74 0.22
0.50
0.50
1.00
0.35
Manure:Year 1.01 0.33
0.75 0.40
0.15
0.70
1.08
0.32
Tillage:Year 0.23 0.64
2.74 0.12
0.00
0.96
0.65
0.43
Manure:Tillage:Year 0.91 0.35
1.61 0.23
0.12
0.74
0.04
0.85
SM
1.25 0.28
31.12
0.0001*
ST
0.24 0.63
26.73
0.0002*
-1
Soil NO3 mg-N kg
0.36 0.56
0.00
0.99
+
-1
Soil NH4 mg-N kg
2.43 0.14
1.25
0.28
SM*ST
0.17 0.69
4.38
0.06
2
Marginal R
0.48
0.34
0.43
0.83
2
Conditional R
0.57
0.45
0.43
0.83
nobservations
60
34
34
34
ngroups
12
12
12
12
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Figure 2.1: Daily N2O-N fluxes by manure application method (a) and tillage regime (b) for 2015-2017. Error bars represent
standard errors of the mean. Vertical dashed lines represent dates in which management events occurred (i.e., manure
application and tillage).
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Figure 2.2: Daily CO2-C fluxes by manure application method (a) and tillage regime (b) for 2015-2017. Error bars represent
standard errors of the mean. Vertical dashed lines represent dates in which management events occurred (i.e., manure
application and tillage).
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Figure 2.3: Best fit full SEM for daily GHG flux data and covariates. Arrows are scaled by standardized path coefficient
values. Untransformed unstandardized path coefficients per 1 unit increase in each predictor variable are shown. Dashed lines
indicate negative and solid lines indicate positive path coefficients. Significant pathways are black arrows with path
coefficients (p < 0.05). Gray arrows are non-significant pathways. SM = soil moisture. SM*T = soil moisture*temperature
interaction. Temp = soil temperature. Manure = manure treatment. Tillage = tillage treatment.
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Figure 2.4: Pulse (a) and non-pulse (b) SEMs for daily GHG flux data and covariates. Arrows are scaled by standardized path
coefficient values times 20 (font size). Untransformed unstandardized path coefficients per 1 unit increase in each predictor
variable are shown. Dashed lines indicate negative and solid lines indicate positive path coefficients. Significant pathways are
black arrows with path coefficients (p < 0.05). Gray arrows are non-significant pathways. SM = soil moisture. SM*T = soil
moisture*temperature interaction. Temp = soil temperature. Manure = manure treatment. Tillage = tillage treatment.
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Figure 2.5: Cumulative emissions of N2O-N with manure application method (a) and
tillage regime (b) for the growing season of 2015-2017. Cumulative emissions of CO2-C
with manure application method by year (c) and tillage regime by year (d) for the
growing season of 2015-2017.
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Figure 2.6: Soil NO3-N (a) and NH4-N concentrations (b) by manure application method for 2015-2017. Error bars represent
standard errors of the mean. Vertical dashed lines represent dates in which management events occurred (i.e., manure
application and tillage).
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Figure 2.7: Corn yield (a) and corn protein content (b) for 2015-2017 with both manure application method and tillage regime.
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Table S2.1: Total effects table for the full, pulse, and non-pulse SEMs.
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Figure S2.1: Three candidate
structural equation models
(SEMs) where (a) soil
moisture and temperature are
functions of the manure and
tillage treatments, (b) soil
moisture and temperature are
not functions of the manure
and tillage treatments, and (c)
soil moisture and temperature
are not functions of the
manure and tillage and nitrate
is not a function of
ammonium.
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CHAPTER 3: IMPACTS OF COVER CROPS AND TILLAGE PRACTICES ON
SEASONAL MANURE NITROGEN UPTAKE AND GASEOUS LOSSES IN A
ZEA MAYS SILAGE SYSTEM

3.1. Abstract
Cover crops (CC) reduce soil erosion, enhance soil fertility, increase water
infiltration, and scavenge excess nutrients from soils. It is expected for CC to enhance
nitrogen uptake and cycling for subsequent crops in fields that are fertilized with manure.
However, there is little information as to how CC nitrogen scavenging is affected by
tillage regime and timing of manure application in addition to how CC may impact the
rate at which gaseous nitrogen and carbon species are lost from agricultural soils. The
objectives of this study were to assess the impacts of the presence or absence of CC, notillage or conventional-tillage, and spring or fall manure application on (i) nitrous oxide,
ammonia, carbon dioxide, and methane emissions; (ii) soil nitrate and ammonium
retention; and (iii) CC plus corn (Zea mays L.) nitrogen uptake for the growing season of
2018 in a continuous corn silage system. Greenhouse gas measurements were taken via
static chamber method twice a week, on average; soil inorganic-N measurements were
taken at the time of greenhouse gas sampling. Ammonia measurements were recorded
three times within 48 hours of spring and fall manure application. There was little
evidence for effects of CC on inorganic-N retention as well as manure-N uptake. ManureN uptake was generally greatest with spring application. Conventional-tillage reduced
ammonia volatilization and retained greater nitrate concentrations relative to no-tillage.
No-tillage enhanced methane emissions after heavy rainfall. The effects of CC on nitrous
59

oxide and carbon dioxide emissions were large, with the presence of CC enhancing both
emissions.

3.2. Introduction
Cattle manure is an important source of nitrogen (N) for crop growth and also
improves soil fertility by enhancing soil organic matter (SOM). However, managing
manure to retain nutrients and prevent adverse off-site impacts once applied to cropping
systems still presents difficult challenges. Sharpley et al. (1998) highlighted three
primary concerns in regard to managing manure-N losses, which include: (i) variability in
manure-N composition; (ii) gaseous N losses; and (iii) difficulty in appropriate
application rate, timing, and application method. Manure-N can be easily lost via gaseous
emissions such as ammonia (NH3), nitrous oxide (N2O), and molecular N (N2).
Agriculture is the primary source of NH3 volatilization to the atmosphere, accounting for
more than 50% of the global emissions (Gordon and Schuepp, 1994; Kaye et al., 2010;
Pain and Thompson, 1988). The rate at which NH3 is lost from manure N is largely
dependent on atmospheric temperature, wind, precipitation, ammoniacal N content of the
manure, manure and soil pH, manure dry matter content, and the exposed manure surface
area (Rotz and Oenema, 2006). Moreover, NH3 can be oxidized and transformed to N2O,
accounting for approximately 5% of global N2O emissions (Ferm, 1998). Agricultural
practices are also directly responsible for approximately 74% of global anthropogenic
N2O emissions (EPA, 2019), a potent greenhouse gas (GHG) with a global warming
potential 265–298 times greater than CO2 for a 100-year timescale (IPCC, 2007), has an
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atmospheric lifetime of 114 years (IPCC, 2001), and catalyzes stratospheric ozone
depletion (Reay et al., 2012). Nitrous oxide emissions are prevalent in agricultural soils
after application of N fertilizers, especially under wet conditions (Smith et al., 2008;
Signor et al., 2013). Arable soil N2O emissions are principally a result of two microbial
processes – heterotrophic denitrification and autotrophic nitrification (Fowler et al.,
2013). Denitrification produces N2O as an intermediate compound in a sequence of
enzymatic reactions where nitrate (NO3-) is reduced to molecular nitrogen (N2; Tiedje,
1988). Nitrification is thought to produce N2O during the reduction of hydroxylamine
under oxygen-limited conditions (Butterbach-Bahl et al., 2013), although the mechanism
has not been systematically determined (Farquharson, 2016; Khalil et al., 2004; Shaw et
al., 2006). Processes that control nitrification and denitrification are directly correlated to
soil organic carbon (SOC), nitrifiable N, temperature, soil pH, aeration, and soil drainage
(Livesley et al., 2008; Mørkved et al., 2007) – all of which are influenced by factors
including cropping management practices, crop residue, soil porosity, moisture, and
aggregate stability (Robertson and Groffman, 2007).
Parallel to adequately managing manure-N, agricultural management practices
also aim to maintain or improve soil fertility by mitigating SOC losses. Land use
conversion for agriculture and traditional cultivation methods, such as conventionaltillage or lack of crop residue returned to the soil, have depleted the original SOC pool by
60 to 75% (Lal, 2004), often resulting in SOC losses as carbon dioxide (CO2) to the
atmosphere. Switching from conventional-tillage to no-tillage practices may reduce CO2
emissions by minimizing soil disturbance and the rate at which molecular oxygen (O2)
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enters the soil profile, which would otherwise stimulate aerobic microbial decomposition
of SOC with conventional-tillage (Alvarez, 2005). However, no-tillage has been
demonstrated to increase gaseous N losses via N2O (Carvalho et al., 2009; Liu et al.,
2006, Rochette, 2008) and NH3 emissions (Dell et al., 2012; Duncan et al., 2017).
Elevated N2O emissions as a result of no-tillage have been attributed to larger soil
aggregates and low gas diffusivity combined with high water holding retention (Aulakh
et al., 1984); whereas, NH3 emissions are exacerbated when manure-N is exposed to
wind, solar radiation, and high atmospheric temperature (Rotz and Oenema, 2006), as in
no-tillage systems with broadcast manure application.
Cover crops (CC), however, may be an important tool for mitigating GHG
emissions. First, CC may mitigate gaseous and inorganic-N losses from agricultural soils
by incorporating residual N into biomass after the growing season, as demonstrated by
Thorup-Kristensen et al. (2003). Indeed, utilizing grass cover crops (CC) after harvest has
been shown to reduce the soil NO3- pool by 20% to 80% (Meisinger et al., 1991). Thus,
CC may reduce N2O emissions by decreasing available NO3-, which is required for
denitrification. Second, a recent review found that CC mitigate warming by ~100 to 150
g CO2e m-2 y-1 via soil C sequestration (Kaye and Quemada, 2017). However, increased C
inputs from senesced CC may enhance heterotrophic decomposition and denitrification
and result in elevated CO2 and N2O emissions, respectively (Mitchell et al., 2013). Third,
the impacts of CC on methane (CH4) emissions are largely unknown. To our knowledge,
there are only two studies that have measured CH4 emissions as a result of implementing
CC (Sanz-Cobena et al., 2014, Guardia et al., 2016). Traditionally, upland agronomic
62

practices are considered to have little impact on CH4 emissions; well-aerated upland soils
can act as a sink for CH4 when methanotrophs use CH4 and SOC as an energy source
(Aronson and Helliker, 2010; Topp and Pattey, 1997). However, both Sanz-Cobena et al.
(2014) and Guardia et al. (2016) found that CCs generally reduced the potential for
agricultural soils to act as a CH4 sink relative to fallow land, though these findings were
not statistically significant.
While utilizing CC during the fallow period and adopting a no-tillage practice
have been shown to have vast benefits for agricultural systems as individual entities,
there is little information on how these two management practices interact to reduce
GHG (i.e., N2O, CO2, and CH4) and NH3 emissions. Furthermore, there is little
information available to determine how to best combine these practices with manure
application in order to retain N and reduce the risk of gaseous nutrient losses. Typically,
manure is applied in the spring or fall. Fall manure application, in contrast to spring
application, results in high levels of available N before winter and spring-thaw events in
northern climates. Soil freeze-thaw cycles have been shown to account for a significant
portion (30-90%) of N2O emissions from agricultural systems due to increased soil water
and is exacerbated depending on the levels of residual inorganic-N in the soil profile
(Abalos et al., 2016; Adair et al., 2019; Congreves et al., 2017; Yanai et al., 2011). Many
studies have observed significant gaseous losses after different manure application
seasons (spring versus fall), though they show variable results. For example, some studies
have found that spring manure application resulted in lower N2O emission rates because
of the higher crop N demand and uptake (Allen et al., 1996; Chadwick, 1997); on the
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other hand, Chadwick et al. (2000) observed higher N2O rates in the spring in response to
high soil water content.
Given the mechanisms in which GHG and NH3 is lost from agricultural soils, an
important question becomes: what is the best tillage regime and timing of manure
application to increase N retention with CC in order to mitigate GHG? To obtain a better
understanding of how multiple cropping management practices interact to address this
question, the objectives of our study were to (i) quantify N2O, CO2, CH4, and NH3
emissions from a continuous corn (Zea maize L.) silage system under a combination of
the presence or absence of CC, no-tillage or conventional-tillage, and application of
spring manure or fall manure; (ii) quantify soil NO3- and NH4+ concentrations under the
same treatment combinations; and (iii) quantify above and belowground CC biomass as
well as CC and corn N uptake from no-tillage and conventional tillage plots with
application of spring or fall manure. We expected that there will not be one combination
of management practices to reduce all gaseous emissions, retain the greatest amount of
inorganic-N, and improve N uptake; however, we do expect that no-tillage with cover
crops and spring manure application will mitigate the greatest amount of CO2 and N2O
due to lack of soil disturbance and competition for residual manure-N, respectively.
Although, we expected this treatment combination would enhance NH3 emissions by lack
of manure-N infiltration and thereby reduce crop N uptake and CC biomass production.
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3.3. Methods
3.3.1. Site description
The field trial was established at Borderview Farms in Alburgh, VT (lat. 45.005,
long. - 73.308) in fall 2017 as a continuous corn silage system. Prior to 2017, the field
was conventionally managed with spring manure application with incorporation via
moldboard plow and a winter CC of winter rye (Secale cereale). Soils at this site are
classified as a Benson rocky silt loam (Soil Survey Staff, 2017). The experimental design
is a randomized complete block design with four blocks. Plot sizes are 4.3 m wide by
24.4 m long, with a 12.2 m buffer between them. Each block contained all combinations
of three treatments: tillage (conventional versus no-tillage), manure application timing
(spring versus fall), and CC (presence versus absence). There was a total of 8 plots per
block for a total of 32 plots. For the conventionally-tilled plots, manure was broadcasted
and incorporated within an hour of application via moldboard plow. For the no-tillage
plots, manure was broadcasted and remained on the soil surface. Details of manure
characteristics, cropping, fertilization, and harvest are listed in Table 1. Cover crops were
terminated with a moldboard plow in the conventional-tillage plots or with glyphosate in
the no-tillage plots.

3.3.2. GHG and NH3 measurements
To compare the impact of management practices on GHG (N2O, CO2, and CH4)
emissions, we measured CO2, N2O, and CH4 emissions from soils within all 32 plots
using the static chamber method following the USDA–ARS GRACENET protocol
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(Parkin and Venterea, 2010) with a vented polyvinyl chloride (PVC) lid (30 cm inner
diameter and 9.5 cm inner height) on a chamber collar (30 cm inner diameter, 15 cm
height) with an air-tight elastic seal over the static flux chamber collars. Collars were
installed to a depth of 12 cm such that the height of the collar above the soil surface was
~ 3 cm (Parkin and Venterea 2010). Vegetation growing inside the chamber collars was
cut to ground level before GHG measurements to avoid erroneous CO2 measurements
from plant respiration. GHG sampling occurred every other week, on average, with more
frequent sampling after manure application and precipitation events; sampling occurred
from April 22, 2018 to October 31, 2018 (i.e., when soils were not frozen). GHG samples
(10 mL) were collected with polypropylene syringes from the PVC lid through a small
butyl stopper at time 0, 15, 30, and 45 minutes after chamber lid deployment; samples
were immediately stored for analysis in 6 mL pre-evacuated vials fit with butyl rubber
stoppers. GHG concentrations were analyzed using a GC-2014 Gas Chromatograph
(Shimadzu Instruments, Kyoto, Japan) equipped with a flame ionization detector (FID),
electron capture detector (ECD), and a Hayesep N 80/100 Mesh 1/8in X 1.5M stainless
pre-conditioned column. Samples were introduced into the gas chromatograph using an
autosampler. Flux rates were calculated from a linear regression of the respective GHG
concentration versus the time since chamber lid deployment and the following equation:
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#$ ' *+
∗ ∗
∗.
#% () ,-

where f = gas flux (g m-2 h-1); ΔC/Δt is the slope or change in concentration of CO2, N2O,
or CH4 with time, t, calculated by linear regression (μL CO2, N2O, or CH4 μL-1 h-1), V is
the headspace volume inside the chamber (8.84 L), A is the surface area covered by
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chamber (0.0707 m2), p is atmospheric pressure (atm), R is the universal gas constant
(0.08205 atm L mol-1 K-1), T is temperature (K), M is the molecular weight of CO2, N2O,
or CH4 (g mol-1), and α is a conversion rate for C or N in the target gas (e.g., 12 g
C/44.01 g CO2, 28 g N/44 g N2O, and 12 g C/16 g CH4). Individual flux rates with slopes
that were not significant (p < 0.1) were set to zero. We also calculated cumulative GHG
emissions for the study duration by averaging for dates in-between sampling periods and
summing all respective emissions.
Ammonia measurements were also analyzed using static flux chambers and an
infrared photoacoustic spectroscopy (PAS) gas analyzer (Model 1412i, Innova Air Tech
Instruments, Ballerup, Denmark; calibrated as in Iqbal et al. 2013). Ammonia fluxes were
measured at 0, 24, and 48 hours after each manure application, as NH3 volatilization is
the greatest within 48 hours of liquid manure application (Dell et al., 2012; Duncan et al.,
2017, Liu et al., 2018; Thompson and Meisinger, 2005). The NH3 concentration was
recorded every minute for four minutes by placing a vented PVC lid on the chamber
collar (as above) connected in a closed-loop system with the PAS gas analyzer, which
measures gas concentrations non-destructively. The change in NH3 emissions were
calculated as:
/=

∆$ '
∗ ∗ + ∗ 1.
∆% (

where F is gas production rate for NH3 (mg NH3–N m−2 h−1), ΔC/Δt is the change in gas
concentration in the chamber (mol 106 mol−1 h-1), V is chamber headspace volume
(0.00954 m3), A is chamber surface area (0.0707 m2), M is the molecular weight of NH3
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(mg mol-1), ρ = density of gas at 20 °C and 0.101 MPa (1/0.02404 mol m–3), and α = NH3
conversion coefficient (14/17). Linear regressions was used to calculate flux rates (i.e.,
slopes); slopes that were not significant (p < 0.1) were set to zero.

3.3.3. Soil sampling and analysis
Soil samples (2 cm inner diameter, 0-15 cm) were collected no further than a
meter behind the chamber collar during each GHG sampling event. Samples were placed
in polyethylene bags, homogenized, and kept on ice for transport to the lab for analysis.
Within 24 hours of sampling, a 5 g soil subsample was extracted with 2 M KCl for
inorganic-N (NO3- and NH4+) quantification. The resulting KCl solution was frozen for
coulometric analysis with a BioTek Synergy HTX (BioTek Instruments, Inc., Winooski,
Vermont, USA). A second 5 g subsample was extracted with deionized water to
determine nitrite (NO2-) concentrations, a substrate with the potential to produce N2O via
nitrification, following the methods as described in Giguere et al. (2017); NO2- was
analyzed colorimetrically directly after extraction on a BioTek Synergy HTX. Soil NO2was continuously below detection for three sampling events and therefore was not further
analyzed or further discussed. A third 5 g subsample was dried at 60 °C to a constant
weight to determine gravimetric soil moisture. Additionally, we recorded soil temperature
at the time of GHG sampling. Measurements were taken adjacent to chamber collars so
as to not disturb soil within the chamber.
For three sampling periods throughout the duration of the study, the resulting
dried soil from the respective gravimetric soil moisture analysis was ground to pass
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through a 2 mm sieve and was placed in a muffle furnace at 550 °C for four hours to
determine SOM content by loss on ignition. When SOM was determined, soil pH,
microbial biomass C and N (MBC/N), total C (TC), and total N (TN) were also
measured. Soil pH was measured using a H+ ion-selective glass electrode with 5 g of
field-wet soil and 5 mL of deionized water to create a 1:1 soil slurry. MBC/N was
analyzed within 24 hours of collection by the simultaneous chloroform fumigation
extraction (sCFE) method as described in Setia et al. (2012) with 5 g of field-wet soil.
The resulting MBC/N solution was then analyzed by use of a Shimadzu TOC-L Analyzer
(Kyoto, Japan). Total C and TN was determined with 250 mg of dried and ground soil
and analyzed by use of a LECO CHN628 (St. Joseph, Michigan, USA).

3.3.4. Cover crop and corn analysis
Prior to spring manure application and CC termination, plots were assessed for
CC cover using the Canopeo application, in accordance with the protocol of Patrignani
and Ochsner (2015). The CC height was measured at three random locations in each plot
measuring to the highest point in cm. The material in two quadrats (0.25 m2) in each plot
were cut to ground height, placed in a cloth bag, weighed, and dried at 60 °C. After
drying the material, samples were weighed again to determine dry matter content and dry
matter yield (g m-2). The samples were then ground to 1 mm in order to analyze for TC
and TN content by combustion (LECO CHN628). The same process was repeated
directly before planting corn. Aboveground corn biomass was also analyzed for TN
content (as above).
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The soil core method was used to assess belowground CC biomass to a depth of
30 cm. Three samplings points were randomly selected in plots where CC were present
and a soil core (4 cm inner diameter) was used to collect CC root samples. A metallic
sieve was used to wash all soil from roots with deionized water, which was then air-dried
to remove added moisture, weighed, and dried at 60 °C until a constant weight was
achieved. Dried samples were reweighed and ground. Ground CC roots were analyzed for
TC and TN content by combustion (as above). The average of the three root biomass
samples was extrapolated to the area of the plot using the dry weight of the root samples
collected to the depth of the core (g m-2). Total CC biomass was determined by summing
the above and belowground yields. Corn and CC N uptake were quantified by the TN
content and yield of each crop per unit area (g N m-2). Corn and CC N uptake values were
summed for one representative value, if CC were present.

3.3.5. Statistical analysis
Daily N2O, CO2, and CH4 flux rates, NH3 flux rates, soil NH4+ and NO3-, CC
biomass, and crop N uptake were analyzed using linear mixed models that included (1)
plot as a random effect to account for non-independent measurements from the same plot
over time, (2) date as a factor to examine how treatment effects changed among days, (3)
a constant variance function to account for heterogeneous errors among the tillage,
manure application season, and/or CC treatments (as needed to meet homogeneity of
error assumptions), and (4) two, three, and four way interactions among tillage, manure
application season, CC, and date. Flux, inorganic-N, and CC biomass data were
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transformed as needed to meet normality assumptions: N2O, CH4, and NH3 fluxes were
cube root transformed; CO2 fluxes were square root transformed; and soil NO3-, NH4+,
and CC biomass data were log transformed. Cumulative growing season N2O, CO2, and
CH4 were analyzed using the same basic structure as above, but without date.
To examine the impact of hypothesized drivers on daily GHG fluxes, including
soil inorganic-N (NO3- and NH4+), soil temperature, and soil moisture, we added them as
covariates without interactions (α = 0.05) to the above models. The same was performed
for daily inorganic-N measurments (i.e., covariates included soil moisture and soil
temperature). Akaike’s Information Criterion modified for small sample sizes (AICc) was
used to select the best covariates for explaining each variable. To choose the best
model(s) we considered models with dAICc ≤ 2 to have substantial support, where dAICc
is the difference between the model under consideration and the model with the lowest
AICc value (Burnham and Anderson, 2002). When no single model was best, we chose
the simplest model with a dAICc < 2 (i.e., the model with the fewest independent
variables). For cumulative GHG fluxes, CC biomass, and crop N uptake additional
covariates including MBC/N, soil TN/TC, soil pH, and SOM, were added without
interactions to the above models.
All linear mixed effects models were fit using the nlme package in R Studio (R
Core Team 2018; RStudio Team 2015; Pinheiro et al., 2018). We calculated marginal and
conditional R2 values using the piecewiseSEM package in R (Lefcheck, 2015). Marginal
R2 describes the proportion of variance explained by fixed factors alone (i.e., manure
application season, tillage, CC, date, and interactions), while conditional R2 describes the
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proportion of variance explained by fixed and random factors (fixed factors plus plot;
Nakagawa and Schielzeth, 2013). Treatment significance was assessed using F tests.

3.4. Results
3.4.1. Daily N2O, CO2, and CH4 emissions
Daily N2O emissions were significantly affected by CC, but the impact of this
treatment varied by date (significant two-way interaction; Table 2). The season of manure
application also impacted N2O fluxes, but its impact varied with date and tillage
treatment (Table 2). The presence of CC increased daily N2O emissions, though only
after manure application and heavy rainfall events (Fig. 1). Overall, the presence of CC
increased average N2O emissions by 2.7 times relative to CC absence throughout the
study duration. With respect to manure application season, fall manure application
increased average N2O emissions by 1.5 times relative to spring manure application
(Figs. 1 and S1). In general, N2O emissions from tillage treatments alone were small and
varied by date (Fig. S1). Our measured covariates (i.e., soil moisture, soil temperature,
and inorganic-N) did not have a significant impact on daily N2O emissions.
The presence of CC increased daily CO2 emissions relative to CC absence, but
this difference decreased throughout the growing season (significant CC by date
interaction; Table 2; Fig. 2). On average, the presence of CC increased CO2 emissions by
1.5 times relative to the absence of CC (Fig. 2), although CO2 fluxes were variable
throughout the sampling duration and largely coincided with atmospheric temperature
(Fig. 2). The greatest pulse of CO2 from the spring manure application plots was recorded
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directly after tillage and manure application with the presence of CC (43 ± 8.8 kg CO2-C
ha-1 d-1); whereas, the greatest pulse for fall manure application was recorded before CC
termination (38.3 ± 4.9 kg CO2-C ha-1 d-1; Fig. 2). Although manure application season
by date was a significant predictor variable for CO2 production (Table 2), average CO2
emissions only increased by 1.1 times with spring manure application relative to fall
manure application (Figs. 2 and S2). From the daily CO2 ANCOVA, soil temperature and
NH4+ were significant predictor variables for daily CO2 production (marginal R2 = 44%;
Table 2). In general, CO2 flux increased with soil temperature and soil NH4+ regardless of
treatment (Fig. S4).
Fluxes of daily CH4 emissions were generally low with many negative values
(i.e., CH4 oxidation). Fluxes were significantly impacted by treatments, with a significant
three-way interaction between CC, tillage, and manure application season (marginal R2 =
21%; Table 2). On average, CH4 fluxes were highest from no-tillage treatments without
CC and fall manure application (an average of 5.4 ± 6.4 g CH4-C ha-1 d-1; Fig. 3). The
only other treatment combination that, on average, was a CH4 source was no-tillage with
CC and spring manure application (1.1 ± 2.5 g CH4-C ha-1 d-1). The other six treatment
combinations acted as net CH4 sinks; the treatment combination that acted as the
strongest CH4 sink was conventional-tillage with CC and spring manure application,
averaging -2.3 ± 2.7 g CH4-C ha-1 d-1. Like daily N2O emissions, our measured covariates
did not significantly impact daily CH4 emissions.
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3.4.2. NH3 emissions
Post manure application NH3-N fluxes were greatest immediately after manure
application and in no-tillage but were higher in the spring versus fall manure application
treatment (significant tillage by season by date interaction; Table 3). On average, notillage increased NH3-N emissions by 3.2 to 31.8 times relative to conventional-tillage,
with conventional-tillage typically acting as a sink for NH3 (Fig. 4). On average, spring
manure application increased NH3-N emissions by 1.9 to 10.5 times relative to fall
manure application (Fig. 4). None of the measured covariates had a significant impact on
NH3-N emissions. Total NH3-N emissions from our study were substantially smaller than
emissions reported in studies with similar manure application rates and manure NH4-N
content, such as in Dell et al. (2012) and Duncan et al. (2017). We found that the greatest
NH3-N (813.9 ± 346.4 g NH3-N ha-1 d-1) loss occurred at time 0 with spring manure
application, yet only accounted for a loss of 1.6% of manure NH4-N applied. Because of
these measurement concerns, NH3 data were used only to compare differences amongst
treatments on emission rates.

3.4.3. Cumulative GHG emissions
The presence of CC increased cumulative N2O emissions by 2.4 times relative to
the CC absent treatment and this effect alone explained 41% of the variation in the data
(Table 4; Figs. 5a and 5b). The repeated measures ANCOVA explained 70% of the
variation in N2O emissions during the study duration (marginal R2; Table 4). In general,
soil NH4+ and available C (indexed by cumulative CO2 emissions) increased cumulative
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N2O emissions but did not explain the impact of CC presence on N2O emissions (i.e.,
significant CC treatment in the ANCOVA; Table 4).
Like cumulative N2O emissions, cumulative CO2 emissions were only impacted
by the CC treatment (marginal R2 = 39%; Table 4). The presence of CC significantly
increased cumulative CO2 emissions by 1.4 times relative to the absence of CC (Figs. 5c
and 5d). In the ANCOVA, the tillage treatment interacted with CC treatment to affect
emissions, indicating that the size of the increase due to CC presence was greater in
conventional versus no-tillage (Figs. 5c and 5d; Table 4). Overall, the presence of CC
with conventional-tillage promoted the greatest cumulative CO2 emissions with 3984.9 ±
505.7 kg CO2-C ha-1 growing season-1 whereas the absence of CC with conventional
tillage contributed to the smallest cumulative CO2 emissions with 2459.3 ± 236.9 kg
CO2-C ha-1 growing season-1 (Figs. 5c and 5d), representing an increase in cumulative
CO2 emissions by 1.5 times. In contrast to the relationship between daily CO2 fluxes and
temperature, as average growing season soil temperature increased from 16 °C to 19 °C,
cumulative CO2 emissions generally decreased. Cumulative CO2 emissions decreased
with pH, increased with soil NH4+, and decreased with MBC. Cumulative CH4 emissions
were not significantly impacted by treatments nor any measured covariates (Table 4).

3.4.4. Soil inorganic-N
On average, soil NO3- concentrations were 1.4 times greater with spring manure
application relative to fall manure application (significant season effect), but the impact
of tillage and CC varied with date (significant treatment by date interactions; Table 5;
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Fig. 6). Soil NO3- concentrations from the CC treatment were relatively similar
throughout the study duration but varied by date (Figs. 6a and 6b); the presence of CC
did not consistently increase the soil NO3- pool during the growing season and levels
were often higher in the CC absence treatment. Average soil NO3- concentrations were
1.5 times greater from the conventional-tillage plots compared to the no-tillage plots with
the greatest difference after fall manure application (Figs. 6c and 6d). Regardless of
treatment, soil NO3- concentrations increased from May-August for both spring and fall
manure application treatments, with a rapid decline in late August (Figs. 6 and S3). Our
measured covariates did not impact soil NO3- concentrations.
Irrespective of treatment, soil NH4+ concentrations were generally low with small
and variable treatment impacts, despite several high order treatment by date interactions
(Table 5). All treatments demonstrated the largest peak in soil NH4+ concentrations after
side-dress application of 23-0-23 AGROTAIN® (Figs. 7a and 7b). However, average soil
NH4+ concentrations were greatest from the no-tillage with the absence of CC and spring
manure application treatment (8.6 ± 4.8 mg NH4+-N kg-1) and lowest in the no-tillage
with the absence of CC with fall manure application treatment (4 ± 1.6 mg NH4+-N kg-1),
representing an increase of 2.6 times between the two manure application seasons (Figs.
7c and 7d). Like NO3-, our measured covariates did not impact soil NH4+ concentrations.

3.4.5. Cover crop biomass and crop N uptake
Above and below-ground CC biomass was not significantly affected by any of our
treatments or covariates (Table 6). In general, total CC biomass was highly variable
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amongst treatments and ranged from 335 ± 28 g m-2 with no-tillage and fall manure
application to 470 ± 115 g m-2 with conventional-tillage and fall manure (Fig. 8a). For
crop N uptake (i.e., corn plus CC), tillage regime and manure application season were
marginally significant predictor variables (p = 0.07; marginal R2 = 44%; Table 6). Crop
N uptake was lowest in the no-tillage treatment with fall manure application (160.6 ±
11.6 g N m-2) and greatest in the conventional-tillage treatment with spring manure
application (196.3 ± 13.1 g N m-2; Fig. 8b). Crop N uptake was also significantly affected
by soil temperature (Table 6), where an increase in temperature from 16 °C to 19 °C
generally decreased crop N uptake.

3.5. Discussion
3.5.1. Impacts of tillage regime, cover crops, and manure application season on
GHG emissions
In this study, cumulative emissions of averaged N2O (0.84 kg N2O-N ha-1) and
CO2 (3.4 t CO2-C ha-1) emissions from all treatments were comparatively smaller than the
respective reported range of 1.2 to 12 kg N2O-N ha-1 and 4 to 16 t CO2-C ha-1 from
comparable arable soils, climate, and study duration (Abdalla et al., 2014; Ball et al.,
1999; Choudhary et al., 2002; Kaiser et al., 1998; Kutsch and Kappen, 1997; Rees et al.,
2005). The large differences in emissions rates among studies is thought to be due to
differences in soil texture, soil C content, N fertilizer type and rate, as well as seasonal
variability in microbial activity and crop growth (Abdalla et al., 2014; Flechard et al.,
2007; Kaiser et al., 1998; Li et al., 2005; Osborne et al., 2010). We expect that our
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comparatively smaller observed cumulative GHG emissions can be related to the
inherently low TC and TN content of the soils at our field site, averaging 3% and 0.31%
respectively, across all treatments. Though our measured emissions were smaller
compared to other studies, we still observed significant differences in GHG emissions
amongst cropping management practices.
In contrast to our expectations, the presence of CC increased GHG emissions,
particularly for N2O and CO2. Indeed, a meta-analysis of the impacts of CC on N2O
emissions found that CC often increased N2O emissions relative to fallow treatments
(Basche et al., 2014). This finding was primarily attributed to differences in N
fertilization rates amongst studies, along with CC termination method, CC type (i.e.,
legume versus non-legume), and variability in precipitation across regions. Furthermore,
Mitchell et al. (2013) found that high C inputs from non-legume CC can stimulate N2O
production. Incorporation of CC residues via tillage increases N mineralization rates of
both SOM and CC reside, resulting in a release of NO3- to the soil matrix (Firestone and
Davidson, 1989). Our results support this finding: we observed the greatest average NO3concentrations with CC present in the conventional-tillage plots with spring manure
application (Fig. S3c). Parallel to increased NO3- as a result of CC incorporation,
incorporation of CC via tillage can increase soil temperature compared to soils with CC
reside remaining on the soil surface (Omonode et al., 2011) and promote anaerobic
conditions by stimulating microbial decomposition, which depletes soil O2 (Kasper and
Singer, 2011). Our results showed that differences in soil temperature between tillage
treatments were greatest directly after CC incorporation with this effect lasting until late
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July (data not shown). Increased soil NO3-, increased soil temperature, and low O2
conditions as a result of incorporating CC residue likely favored denitrification and
promoted greater N2O emissions relative to residue remaining on the soil surface or the
absence of CC residue. In addition to N2O emissions, when grass CC are incorporated
into the soil via tillage, transient increases in CO2 fluxes can be expected as O2 is rapidly
mixed in the soil profile along with labile C substrates (Franzluebbers et al., 1995;
Reicosky and Archer, 2007) and physical constraints on CO2 diffusion are removed
(Abdalla et al., 2014). Such mechanisms may be driving our observation that the presence
of CC in a conventional-tillage system promoted the greatest average N2O and CO2
losses irrespective to the season in which manure was applied (Figs. S1 and S2,
respectively), with the exception of no-tillage and the presence of CC promoting
marginally greater N2O emissions with spring manure application (Fig. S1c).
To further demonstrate the strong control of CC on N2O and CO2 emissions, the
conventional-tillage treatment with the absence of CC showed the greatest reduction in
both emissions, suggesting that the addition of C substrate from CC superseded the
impact of soil disturbance on N2O and CO2 emissions. Furthermore, the no-tillage
treatment with the presence of CC promoted the second greatest losses of N2O and CO2,
irrespective of manure application season (Figs. S1 and S2, respectively). We found that
soil moisture was generally greatest from the no-tillage plots compared to the
conventional-tillage plots, with the greatest difference directly after CC termination (data
not shown). Soil moisture affects C mineralization (Chimner and Cooper, 2003; Daulat
and Clymo, 1998) and O2 availability in soils (Li et al., 2001), both of which can affect
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CO2 emissions (Jabro et al., 2008). This finding may explain the lack of significance
between the tillage regimes and daily CO2 emissions; although mechanical soil
disturbance alone is expected to increase CO2 emissions, the greater C inputs from CC
residue incorporation via tillage and the increase in soil moisture from CC residue
remaining on the soil surface with no-tillage likely acted as separate mechanisms that
both enhanced CO2 emissions. In other words, when CC are present, the production of
CO2 from the conventional-tillage plots is likely due to increases in C directly entering
the soil, whereas the release of CO2 from the no-tillage plots is likely a result of enhanced
soil moisture, both of which can promote heterotrophic decomposition. This finding
becomes clear when cumulative CO2 emissions are considered as the interaction between
tillage regime by CC became a significant predictor variable (Table 4), with the presence
of CC and conventional-tillage promoting the greatest cumulative losses and the presence
of CC with no-tillage promoting the second greatest loss, both irrespective of manure
application season (Figs. 5c and 5d). Indeed, Fontaine et al. (2004) demonstrated that the
supply of labile C may accelerate the decomposition of soil C and induce a negative C
balance as a result of nutrient competition amongst microbes. Furthermore, when
observing the impacts of CC on daily CO2 emissions alone, we observed the greatest
difference amongst treatments after CC termination with sustained elevated emissions
from the presence of CC lasting until July (Fig. 2).
It is also interesting to note that the greatest daily CO2 emissions with fall manure
application were recorded from the CC treatments before termination (Fig. 2b). It is
likely that these emissions were mediated by CC root respiration paired with
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heterotrophic respiration, further demonstrating the impact of CC on CO2 emissions. The
lack of significant differences between tillage regime on daily CO2 emissions can
alternatively be explained by the site history where the field was previously managed by
conventional-tillage, suggesting that there may be a transitionary period in which newly
converted no-tillage practices do not show a reduction in SOC losses as CO2. Indeed, Six
et al. (2004) compiled all available data from soil-derived GHG emissions comparing
conventional-tillage and no-tillage and found that newly converted no-tillage systems
increased global warming potential relative to conventional-tillage systems within the
first ten years of conversion, regardless of climate regimes, by increasing both N2O and
CO2 emissions.
Even though the presence of CC significantly increased CO2 emissions
irrespective of tillage regime, it is important to consider the amount of C being captured
in CC biomass. Based on the TC content of CC biomass per unit of area, we found that
the presence of CC offset cumulative CO2 emissions by 31%, irrespective of tillage
regime or manure application season. By tillage regime, CC offset cumulative CO2
emissions by 30% and 33% with conventional-tillage and no-tillage, respectively. In
general, CC C uptake was greater with fall manure application relative to spring manure
application (Fig. S5), likely due to pairing manure amendment at the time of CC seeding.
Moreover, West and Marland (2002) described that no-tillage practices can lead to
ancillary CO2 emission reductions by as much as 31 kg C ha-1 yr-1 over 20 years by
reducing fuel inputs involved with conventional-tillage.
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It has been documented that CH4 oxidation by methanotrophs can be reduced by
conventional-tillage due to the disturbance of this bacterial group and due to changes in
gaseous diffusivity as this affects the rate of supply of atmospheric CH4 (Ball et al.,
1999). Hütsch (1998) reported greater pore continuity and ecological niches for
methanotrophic bacteria as a result of no-tillage compared to conventional-tillage,
leading to an increase in CH4 uptake relative to conventionally-tilled plots. This is in
contrast to our results as we found that average daily CH4 production was only apparent
in two of the eight treatments, both from no-tillage treatment combinations (Fig. 3). We
observed just one CH4 pulse after fall manure application from the no-tillage plots with
the absence of CC (Fig. 3b); this is likely due to the high levels of precipitation following
fall manure application. As the no-tillage plots had a greater water holding capacity, it is
likely that high rainfall after nutrient amendment created anaerobic micro-zones in the
no-tillage plots and thereby stimulated facultative anaerobes with the end-product being
released as CH4. When cumulative CH4 emissions are considered, the three-way
interaction including CC, tillage regime, and manure application season became
marginally significant (p = 0.06; Table 4); this interaction is, again, likely due to the CH4
pulse observed from the no-tillage plots with the absence of CC and fall manure
application (Fig. 5f). These findings highlight the need for more strategic manure
application timing; to avoid CH4 pulses, manure should be applied under favorable
weather conditions. In this case, when heavy precipitation is not expected directly
following manure application. However, when CH4 emissions are considered over a
longer temporal scale, management practices have a smaller impact on this GHG.
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3.5.2. Impacts of tillage regime and manure application season on NH3 emissions
Like GHG emissions, NH3 emissions were measured for comparison amongst
treatments and to compare results found in Dell et al. (2012) and Duncan et al. (2017)
where two separate NH3 sampling methods were used. The former study used
recirculating chambers with passive diffusive acid traps whereas the latter study used a
PAS, such as in this study. Duncan et al. (2017) reported that when comparing their PAS
data against cumulative loss values measured in Dell et al. (2012), the PAS consistently
underestimated total NH3 losses. We also found this to be true with respect to the results
produced by both Dell et al. (2012) and Duncan et al. (2017). Duncan et al. (2017)
reported NH3-N losses as high as ~18 kg NH3-N ha-1 d-1 three hours post broadcast
manure application (i.e., no incorporation); Dell et al. (2012) reported the greatest loss of
~8.2 kg NH3-N ha-1 h-1 directly after broadcast manure application without incorporation,
representing a 70% loss of manure NH4-N through volatilization when manure was not
incorporated into the soil profile. Both author’s results are consistent to related literature
where total NH3-N emissions after broadcast application of manure without incorporation
typically accounted for 40 to 60% of manure NH4-N content applied (Bittman et al.,
2005; Hansen et al., 2003: Smith et al., 2000), but losses up to 90% have been reported
(Wulf et al., 2002). Again, as our observed NH3-N emissions only accounted for 1.6% of
manure NH4-N applied, which is likely a large underestimation, we only aim to compare
differences amongst treatments. We expect that our NH3-N emissions were markedly
lower compared to similar studies as (i) many of our individual flux rates were not
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significant when assed via linear regression and were therefore assumed to be 0 g NH3-N
ha-1 d-1, and (ii) utilizing the PAS to observe NH3 fluxes poses time limitations when
attempting to capture measurements from multiple treatments, which introduces large
variability in time-sensitive measurements amongst replicates.
Our results are consistent with other studies in that NH3 volatilization is greatest
when manure is broadcasted onto the soil surface without any form of incorporation (AlKanani and MacKenzie,1992; Mkhabela et al., 2008). Our results also demonstrate that
timing of manure application can greatly affect the rate at which NH3-N is volatilized,
with spring manure application promoting the greatest losses relative to fall application.
Greater losses of NH3-N from no-tillage and spring manure application are likely a result
of similar mechanisms. Atmospheric temperature and wind speed were relatively similar
between spring and fall manure application, though spring manure was applied during a
period of low precipitation, comparatively higher solar radiation (Fig. 4), and had a
higher dry matter content compared to fall manure (Table 1). The combination of low
precipitation at the time of spring manure application paired with the greater dry matter
content likely resulted in less infiltration of manure NH4-N into no-tillage soils as a result
of lower fluidity (Sommer and Olesen, 1991). Indeed, Chambers et al. (1999) found that
NH3-N losses from manure NH4-N increased by about 5% for each 1% increase in
manure dry matter content. For this reason, it is probable that precipitation and soil
moisture facilitate the infiltration of manure NH4-N into the soil profile where it is
protected from volatilization by adsorption onto soil colloids.

84

Aside from manure characteristics and precipitation, as spring manure NH4-N
remained on the soil surface in the no-tillage plots, it was exposed to greater solar
radiation relative to fall manure application (Fig. 4), which promotes greater NH3
volatilization rates. These results suggest that the greatest NH3-N volatilization abetment
should be achieved when manure is incorporated into the soil directly after application or,
for no-tillage practices with liquid manure broadcast application, applied directly before
precipitation events, or high soil moisture, along with low solar radiation. While it is
often difficult to pair cropping management events with weather events, advances in
manure application methods, such as shallow disk injection and surface banding with soil
aeration, now allow farmers to inject liquid manure directly into no-tillage soils where
manure-NH4+ is not exposed to adverse weather conditions. To demonstrate the
efficiency of NH3 volatilization mitigation with subsurface manure application in notillage systems, Dell et al. (2012) found that injection decreased NH3-N emissions by 91
to 99% compared to broadcast manure application.
To our knowledge, our study is the first to demonstrate the ability of fallow,
conventionally-tilled, soils to act as an NH3 sink, especially directly after manure
application and incorporation (Fig. 4). Ammonia has a relatively short atmospheric
lifetime and can be rapidly deposited less than 10-100 km from where it was emitted
(Asman et al. 1998). In addition, NH3 exists in an equilibrium with NH4+ where the
relative concentration of each depends on the pH of the solution it is contained in
(Schlesinger and Bernhardt, 2013); equilibrium between the two N species exists at a pH
of 9.3, where more alkaline conditions will favor the formation of NH3 (Gupta et al.,
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2015). The pH of all conventional-tillage plots, regardless of treatment, averaged 7.2,
favoring the formation of NH4+ over NH3. As we did not find manure application to
greatly increase soil NH4-N concentrations, we expect that the NH3 volatilized from the
no-tillage plots may have been captured in the chamber lid while measuring emissions
from the conventional-tillage plots and readily deposited on the soil where it was
abiotically converted to NH4+. As NH4+ became available, it is probable that nitrifying
bacteria became stimulated with the addition of nutrients from manure and O2 from
tillage and converted NH4+ to NO3-. This mechanism can be supported by our daily soil
NO3- measurements as we observed a more rapid increase in NO3- concentrations with
conventional-tillage and spring manure application relative to fall manure application
(Fig. S3).

3.5.3. Impacts of tillage regime, cover crops, and manure application season to
retain soil inorganic-N
It is expected for CC to reduce the soil NO3- pool once the cash crop is harvested
and release N back to the system upon decomposition of the CC (Meisinger et al., 1991;
Parkin et al., 2006), thereby providing the cash crop with nutrients immobilized in CC
biomass over winter. When considering the CC treatment alone, we did not find the
presence of CC to increase soil NO3- upon CC decomposition or decrease the soil NO3pool before CC termination. In fact, the absence of CC generally promoted greater
concentrations of soil NO3- throughout the growing season (Figs. 6a and 6b). As the
presence of CC increased N losses as N2O, our results suggest that a large portion of
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NO3- was lost via denitrification, consistent with the results of Meisinger et al. (1991) and
Abdalla et al. (2014). However, when CC treatments are taken together with tillage
regime and manure application season, we found that the presence of CC with
conventional-tillage and spring manure application retained the greatest levels of soil
NO3- compared to the seven other treatment combinations (Fig. S3), although this
treatment interaction was not significant.
Soil NO3- concentrations by tillage regime followed the same general trend as the
CC treatment, where soil NO3- increased from mid-May until late July. The largest
difference in NO3- concentrations by tillage regime was observed in late October with
spring manure application, which was directly after fall manure application (Figs. 6c and
6d). As NO3- is highly mobile and susceptible to being lost via runoff and leaching
(Powell et al., 2011), and as it rained the following day after fall manure application, with
the greatest rainfall event two days after fall manure application, it is likely that a large
portion of manure-N from fall application was lost from the no-tillage plots. These
findings further demonstrate the inefficiency of broadcasting manure without
incorporation for retaining manure-N. Like NH3 volatilization, nutrients that are either
incorporated into the soil via tillage or applied directly into the soil (i.e., manure
injection) are advantageous when the objective is to retain inorganic-N on-site.
Although soil NH4+ was significantly affected by an interaction including CC,
tillage regime, and manure application season, we did not find any specific management
practice combination to greatly enhance soil NH4-N retention. However, it is interesting
to note that the no-tillage treatment with the absence of CC promoted the highest NH4+
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concentrations with spring manure application (Fig. 7c) yet had the least NH4+ retention
with fall manure application compared to all other treatments (Fig. 7d). In contrast to our
daily NO3-N results, the no-tillage treatments showed the greatest increase in average soil
NH4+ after manure application, regardless of manure application season. The greatest
difference in soil NH4+ concentrations was observed after side-dress application of 23-023 AGROTAIN® with variability amongst manure application season, thereby
demonstrating that CC, tillage regime, and manure application season may have little
impact on soil NH4+ retention.

3.5.4. Impacts of tillage regime on cover crop biomass and N uptake.
Cover crop biomass was not significantly affected by any treatment or measured
covariates. This is likely due to all plots receiving the same manure application rate as
Parkin et al. (2006) have demonstrated that rye CC shoot, root, and total dry weight only
increased with increasing manure application rates and was not affected by tillage regime
(i.e., no-tillage versus conventional-tillage). In contrast to our expected results, the
presence of CC did not increase crop N uptake. Differences in crop N uptake were driven
by manure application season and tillage regime, though these results were only
marginally significant (Table 6), with spring manure application generally resulting in the
greatest amount of N uptake (Fig. 8b). However, N uptake from CC only contributed to
3% to 13.6% of total N uptake, with corn N uptake accounting for the rest. Thus, the
greater N uptake with spring manure is likely a result of applying manure directly before
planting the cash crop. Parkin et al. (2006) have also demonstrated that rye shoot and root
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N concentrations only increased with an increase in N application rate and did not
significantly differ amongst tillage treatment. Alternatively, as we found the presence of
CC to enhance N2O emissions, it is possible that a large portion of manure N was lost via
denitrification, even though previous studies have shown that living plants effectively
compete with microbes for available NO3- and thus reduce denitrification rates (Haider et
al., 1985; Smith and Tiedje, 1979). Despite the vast benefits of CC, further research is
needed to better understand the interactions of CC on residual manure-N uptake,
mineralization, and immobilization.

3.6. Conclusion
The objective of this study was to determine the impact of tillage regime and CC
on seasonal manure-N uptake and gaseous C and N losses (i.e., N2O, CO2, CH4, and
NH3) in a Zea mays L. silage system in Vermont. Our results indicate the presence of CC
have the potential to increase both N2O and CO2 emissions relative to fallow land,
regardless of tillage regime and manure application season, yet we did not observe the
presence of CC to improve N uptake and subsequent liberation for cash crop utilization.
Furthermore, our results demonstrate the inefficiency of no-tillage systems with
broadcast manure application to retain inorganic-N on-site by reducing the amount of N
entering the soil profile while also promoting greater losses of manure-N via NH3
volatilization. As NH3 volatilization from broadcast application is mitigated when soils
are moist or when manure application is followed by rainfall, and as N2O and CH4
emissions are exacerbated under the same conditions, it may be unlikely to achieve
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mitigation of these three gasses simultaneously. These findings add to a limited dataset
on the impact of multiple agronomic practices on GHG and NH3 emissions, soil
inorganic-N retention, and cropping system N uptake. As the no-tillage plots were
previously managed with conventional-tillage less than two years before the beginning of
this study, further data needs to be collected on how no-tillage with cover cropping
practices alter C and N dynamics over a longer temporal scale and whether this effect
changes with site history.
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Rate
(L ha-1)

Dry
Organic-N
Matter
(g kg-1)
(%)
6.9
1.9
4.6
1.6

2.9
2.4

NH4-N Total-N
(g kg-1) (g kg-1)
0.95
0.75

Rate
(seeds ha-1)

25-Jun
NA

Date

448
NA

Rate
(kg ha-1)

17-Sep
NA

Date

Harvest
Date

13760
3952000

Topdressing
(23-0-23)

17-May
25-Sep

Planting

Table 3.1: Dates, manure characteristics/events, and cropping events for 2018. Planting for spring denotes corn seeding. Planting for fall denotes winter rye
seeding.

Application
Date
54253
56124

Manure Events and Characteristics

Date
11-May
24-Sep

Tillage
Season
11-May
24-Sep
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Spring
Fall
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Table 3.2: ANOVA and ANCOVA results for daily GHG fluxes. Covariates were selected based on a model
simplification approach. Asterisk denotes significance (p < 0.05).
Daily N2O
Daily CO2
Daily CO2
Daily CH4
ANOVA
ANOVA
ANCOVA
ANOVA
Treatment
F
P
F
P
F
P
F
P
Cover Crops 12.05
0.002*
7.17
0.0132*
9.6
0.0049*
0.31
0.58
Tillage 0.14
0.71
0.13
0.72
0.18
0.68
4.47
0.045*
Season 0.82
0.37
0.58
0.45
0.77
0.39
0.28
0.6
Date 10.54 < 0.0001*
9.92 < 0.0001*
9.98 < 0.0001*
1.34
0.16
Cover Crops:Tillage 0.55
0.47
1.54
0.23
2.33
0.14
0.06
0.8
Cover Crops:Season 0.73
0.4
0.01
0.94
0.02
0.89
4.22
0.05*
Tillage:Season 0.15
0.71
0.46
0.5
0.71
0.41
0.16
0.69
Cover Crops:Date 1.9
0.0111*
2.62
0.0002*
2.8
0.0001*
1.36
0.15
Tillage:Date 0.9
0.59
0.73
0.8
0.84
0.66
1.01
0.45
Season:Date 2.13
0.0031*
1.72
0.0278*
1.66
0.0366*
1.06
0.39
Cover Crops:Tillage:Season 0.64
0.43
0.01
0.93
0
0.99
6.55 0.0172*
Cover Crops:Tillage:Date 0.89
0.6
0.88
0.61
0.93
0.55
0.57
0.92
Cover Crops:Season:Date 1.48
0.08
1.04
0.41
1.19
0.26
0.58
0.92
Tillage:Season:Date 2.43
0.0006*
1.16
0.28
1.23
0.22
0.87
0.61
Cover Crops:Tillage:Season:Date 1.48
0.08
0.53
0.95
0.49
0.97
1.13
0.32
Soil Temperature
4.65
0.0316*
+
-1
Soil NH4 mg-N kg
5.79
0.0165*
2
Marginal R
0.35
0.41
0.44
0.21
2
Conditional R
0.4
0.55
0.54
0.22
nobservations
656
656
656
600
ngroups
32
32
32
32

Table 3.3: ANOVA results for NH3 emissions. Asterisk
denotes significance (p < 0.05).
F
P
Treatment
Cover Crops
0.75
0.39
Tillage
25.44
< 0.0001*
Season
4.34
0.0481*
Date
1.92
0.10
Cover Crops:Tillage
0.95
0.34
Cover Crops:Season
0.09
0.77
Tillage:Season
1.02
0.32
Cover Crops:Date
1.28
0.28
Tillage:Date
4.92
0.0005*
Season:Date
2.33
0.0482*
Cover Crops:Tillage:Season
1.40
0.25
Cover Crops:Tillage:Date
1.17
0.33
Cover Crops:Season:Date
0.56
0.73
Tillage:Season:Date
2.59
0.0307*
Cover Crops:Tillage:Season:Date
0.21
0.96
2
Marginal R
0.30
2
Conditional R
0.30
nobservations
168
ngroups
32
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32

0.41
0.76

ngroups

-

SM:ST
Marginal R2
Conditional R2
32

-

Cumulative CO2 flux
-

-

-

-

-

0.0022*
0.9
0.9
0.95
0.75
0.94
0.48

nobservations

-

-

Soil NH4+-N

SOM
Soil pH
SM
ST
TC
TN
MBC
MBN

-

11.81
0.01
0.02
0
0.1
0.01
0.51

ANOVA
F
P

Soil NO3--N

CC
Tillage
Season
CC:Tillage
CC:Season
Tillage:Season
CC:Tillage:Season

Treatment

1.99

32

32

0.18

0.0001*

0.35
0.21
0.93
0.16
0.8
0.21
-

0.0127*

-

0.0001*
0.95
0.68
0.32
0.9
0.94
0.7

0.7
0.96

26.98

0.91
1.7
0.01
2.17
0.06
1.7
-

8.01

-

28.29
0
0.18
1.08
0.02
0.01
0.16

ANCOVA
F
P

-

-

-

-

-

8.6
2.01
0.88
1.75
0
0.15
0

32

32

0.39
0.77

-

-

-

-

-

0.0073*
0.17
0.36
0.2
0.99
0.71
0.98

ANOVA
F
P

-

-

32

32

-

-

0.57
0.0022*
0.83
0.0299*
0.12
0.2
0.0157*
0.44

0.0458*

0.45

0.0016*
0.21
0.17
0.042*
0.61
0.84
0.59

0.67
0.96

0.34
14.02
0.05
5.84
2.79
1.84
7.55
0.64

4.8

0.6

15.2
1.69
2.09
5.01
0.27
0.04
0.31

ANCOVA
F
P

-

-

-

-

-

32

32

-

-

-

-

-

0.93
0.1
0.39
0.36
0.053
0.92
0.06

0.16
0.23

0.01
2.99
0.77
0.88
4.14
0.01
4.05

ANOVA
F
P

0.14

0.35
0.84
0.2
0.4
0.84
-

-

-

0.37
0.08
0.41
0.42
0.16
0.85
0.06

32

32

0.01 0.93
0.36
0.92

2.39

0.93
0.04
1.78
0.74
0.04
-

-

-

0.87
3.39
0.73
0.7
2.12
0.04
4.01

ANCOVA
F
P

Table 3.4: ANOVA and ANCOVA results for cumulative GHG emissions. Covariates were selected based on a model simplification
approach. Asterisk denotes significance (p < 0.05). CC = cover crops. SOM = soil organic matter (%). SM = soil moisture (%). ST = soil
temperature (°C). TC = total carbon (%). TN = total nitrogen (%). MBC = microbial biomass carbon (mg kg-1). MBN = microbial
biomass N (mg kg-1).
Cumulative N2O
Cumulative CO2
Cumulative CH4
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Table 3.5: ANOVA results for daily soil NO3- and NH4+ models. Asterisk denotes
significance.
NO3NH4+
F
P
F
P
Treatment
Cover Crops
Tillage
Season
Date
Cover Crops:Tillage
Cover Crops:Season
Tillage:Season
Cover Crops:Date
Tillage:Date
Season:Date
Cover Crops:Tillage:Season
Cover Crops:Tillage:Date
Cover Crops:Season:Date
Tillage:Season:Date
Cover Crops:Tillage:Season:Date
Marginal R2
Conditional R2
nobservations
ngroups

4.18
23.05
6.89
30.42
3.42
3.80
1.41
2.68
2.79
1.56
0.53
0.84
0.61
1.26
0.98
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0.052
0.0001*
0.0148*
<0.0001*
0.08
0.06
0.25
0.0001*
0.0001*
0.06
0.47
0.66
0.91
0.20
0.48
0.57
0.63
656
32

0.00
0.01
0.01
21.44
0.27
0.03
0.15
0.88
1.35
7.20
1.49
0.76
1.30
1.81
1.67

0.99
0.94
0.92
<0.0001*
0.61
0.86
0.70
0.62
0.14
< 0.0001*
0.23
0.76
0.18
0.0173*
0.0348*
0.52
0.53
656
32

Table 3.6: Cover crop biomass ANOVA. Cover crop and corn N uptake ANOVA and
ANCOVA. Covariates were selected based on a model simplification approach. Asterisk denotes
significance (p < 0.05).
Cover Crop
Biomass
Crop N uptake
ANOVA
ANOVA
ANCOVA
Treatment
F
P
F
P
F
P
Cover Crop
2.00
0.17
2.05
0.17
Tillage
0.30
0.59
2.69
0.11
3.63
0.07
Season
0.03
0.86
3.20
0.09
3.67
0.07
Cover Crop:Tillage
0.00
0.95
0.31
0.59
Cover Crop:Season
0.76
0.39
2.51
0.13
Tillage:Season
0.13
0.73
0.45
0.51
0.64
0.43
Cover Crop:Tillage:Season
0.11
0.74
0.01
0.92
TN
0.27
0.61
TC
0.36
0.55
Soil temperature
7.59
0.0122*
Soil pH
3.39
0.08
2
Marginal R
0.03
0.19
0.44
2
Conditional R
0.88
0.63
0.93
nobservations
16
32
32
ngroups
16
32
32
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Figure 3.1: Daily N2O-N emissions with the presence or absence of cover crops with
spring (a) or fall manure application (b) with corresponding maximum atmospheric
temperature (°C) and daily precipitation (mm d-1). Error bars represent standard errors of
the mean. Vertical dashed lines represent dates in which management events occurred
(i.e., manure application and tillage). Solid vertical line represents cover crop termination
via tillage.
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Figure 3.2: Daily CO2-C emissions with the presence or absence of cover crops with
spring (a) or fall manure application (b) with corresponding maximum atmospheric
temperature (°C) and daily precipitation (mm d-1). Error bars represent standard errors of
the mean. Vertical dashed lines represent dates in which management events occurred
(i.e., manure application and tillage). Solid vertical line represents cover crop termination
via tillage.
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Figure 3.3: Daily CH4-C emissions by spring manure application (a) and by fall manure application (b). Average daily CH4-C
emissions by spring manure application (c) and by fall manure application (d). Error bars represent standard errors of the
mean. Vertical dashed lines represent dates in which management events occurred (i.e., manure application and tillage). Solid
vertical line represents cover crop termination via tillage
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Figure 3.4: NH3-N fluxes by tillage regime for the first 48 hours post spring (a) or fall (b) manure application with solar
radiation (W m-2). Error bars represent standard errors of the mean.
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Figure 3.5: Cumulative N2O-N emissions by spring (a) or fall manure application (b). Cumulative CO2-C emissions by spring
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CHAPTER 4: SUMMARY OF BEST MANAGEMENT PRACTICES FOR
FARMERS AND SERVICE PROVIDERS
Agricultural activities that cause nonpoint source pollution are attributed to
fertilizing, plowing, animal facilities, grazing, planting, and harvesting (U.S. EPA, 2001).
The major pollutants as a result of these practices are nutrients, sediment, pesticides,
pathogens, and salts (U.S. EPA, 2001). Agricultural best management practices (BMPs)
are practical, cost-efficient, actions that agricultural producers can take to preserve soil
health and water quality. The four primary BMPs include conservation tillage, crop
nutrient management, weed and pest management, and conservation buffers (USDA,
1996). This thesis has focused on the former two management strategies (i.e.,
conservation tillage and crop nutrient management) with respect to mitigating gaseous
carbon (C) and nitrogen (N) losses; however, benefits of adopting these management
practices extend beyond gaseous emissions reduction. For this reason, this chapter aims
to summarize the environmental and economic benefits and/or tradeoffs as a result of
adopting these two BMPs.

4.1.

Conservational Tillage
Conservational tillage is a broad agricultural practice that leaves crop residue

from the previous year on the field after harvest to reduce runoff and erosion rates,
improve organic matter content and water holding capacity, as well as potentially
sequester C (MDA, 2011). At least 30% of the soil surface is covered with crop reside
under conservational tillage (Dinnes, 2004) and does not involve the inversion of the soil
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profile, such as conventional tillage via moldboard plow. Different forms of conservation
tillage include no-tillage, strip-tillage, ridge-tillage, vertical-tillage, and mulch-tillage.
No-tillage is the most extreme form of conservation tillage which results in minimal
disturbance of the soil profile.
Conservational tillage practices have C sequestration potential by storing organic
matter in the soil profile and reducing soil disturbance (Bayer et al., 2006). Conventional
tillage inverts the soil profile, thereby aerating the soil, and increasing microbial activity.
Increasing microbial activity as a result of aeration promotes the decomposition of soil
organic C which results in C returned to the atmosphere. In fact, it has been estimated
that 78 billion metric tonnes of C have been released to the atmosphere as a result of
conventional tillage and farming (e.g., removal of crop residue and addition of synthetic
fertilizers; Lal, 2010). In comparison, Pacala and Socolow (2004) suggest that expanding
no-tillage practices could prevent the release of 25 billion tons of C over the next 50
years. In the absence of tillage, crop resides are left to decompose where they lie under
natural conditions. As crop residues decompose naturally in a no-tillage system, soil biota
also remains in their natural states, where no-tillage fields have more beneficial insects
(Chan, 2001) and microbial communities (Six et al., 2002), both of which are key
components to nutrient recycling and soil fertility. Furthermore, conservational tillage has
shown to significantly reduce surface runoff rates and thereby reduce sediment and
nutrient losses to water bodies. It has been demonstrated that soils with 30% residue
cover reduces soil erosion rates by 50 to 60% in comparison to conventional tillage with
a moldboard plow (Sims et al., 1994).
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Financial benefits can also be recognized by adopting a no-tillage practice. As an
example, farmers who practice conventional tillage use approximately six gallons of
diesel fuel acre-1 year-1; whereas, no-tillage farmers only use about two gallons within the
same timeframe (Schnitkey, 2015). Assuming that the price of diesel in Vermont is $3.00
gallon-1 and that a farmer is cultivating 1000 acres, in one year the conventional tillage
farmer will spend $18,000 on diesel fuel each year whereas the no-tillage farmer will
only spend $6,000 each year; this represents a $12,000 savings each year on fuel
reduction alone. Not only will no-tillage save farmers money, but it will also save them
time, which is a priceless resource to many farmers. However, if a no-tillage practice is
adopted, the farmer will have to invest in alternative seeding equipment, such as seed
drills, to plant seeds directly into undisturbed crop residues and soil. To overcome these
input costs, monetary grants and C credits are becoming readily available to farmers who
practice conservation tillage. Some of the largest fossil-fuel emitters (e.g., energy
producers) may purchase C credits, which can encourage farmers to engage in
conservation tillage (University of Minnesota Extension, 2010). Under this circumstance,
the farmers' land is legally considered as a C sink for the fossil-fuel emitting corporation,
thereby allowing the corporation to meet C emission regulations while supplying the
farmer with monetary incentives.
Still, there are further concerns regarding conservation tillage practices centered
around weed and pest control and subsequent increases in chemical use. A primary
benefit of conventional tillage is to remove weeds from the system as they compete with
the cash crop for resources including space, nutrients, and sunlight. Some farmers turn to
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herbicides, such as glyphosate to address weed control in no-tillage systems, which can
be lost from runoff and impair water quality and human health (Williams et al., 2000). To
address this concern, utilizing cover crops reduces the need for herbicide inputs by
outcompeting weeds for resources (Kaye and Quemada, 2017), which in-turn reduces the
need for synthetic chemicals. Monoculture agriculture has led to increased pest resistance
since biodiversity is greatly reduced; introducing a new vegetative species during fallow
seasons allows for other, non-pest, organisms to compete with crop pests for existing
ecological niches (Freemark and Kirk, 2001). Competition for resources assures that one
pest population will likely never evolve to become too dominant.

4.2.

Crop Nutrient Management
Livestock manure serves as a valuable nutrient-source and organic matter

amendment in crop production systems; although, during the decomposition and
recycling of manure nutrients, loss mechanisms such as gaseous emissions of N (e.g.,
ammonia, nitrous oxide, and molecular N), nitrate leaching to groundwater, and surface
runoff of phosphorous can adversely affect the surrounding environment (Logan, 1990).
Crop nutrient management is a BMP that matches nutrient availability with crop needs by
optimizing nutrient placement, timing, and application rates to avoid nutrient losses.
Methodical crop nutrient management should consider all nutrients including organic
fertilizers (e.g., manure and compost), synthetic fertilizers, and mineralization of soil
organic matter. Effective crop nutrient management strategies reduce the risk of nutrient
transportation to streams, surface water, and ground water. Reducing nutrient runoff from
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agricultural fields into such waterbodies can result in improved water quality and thereby
promote more suitable fish habitat, greater recreational activities, and reduced water
treatment costs. Crop nutrient management can also increase profit per acre by
optimizing fertilizer inputs and resulting yields.
Results from this thesis highlighted large tradeoffs when considering how to
apply liquid cattle manure in differing tillage systems. Notably, we found manure
injection to increase the amount of nitrate in the soil profile throughout the growing
season relative to broadcast application in no-tillage systems; however, manure injection
promoted greater nitrous oxide (N2O) and carbon dioxide (CO2) emissions relative to
broadcast application. Specifically, N2O pulses after manure injection were higher during
years when precipitation, and thus soil moisture, was comparatively higher. Similarly,
no-tillage systems with broadcast manure application tended to lose greater amounts of
manure-N after heavy precipitation events, possibly due to runoff. Regardless of tradeoffs
associated with N losses by manure application method in no-tillage systems, no-tillage
crop production has gained large acceptance and continues to spread to areas where
adoption has traditionally been limited. Specifically, in the United States, no-tillage
practices have expanded by 35% from 2000 to 2004, equating to roughly one-quarter of
all agricultural land under no-tillage in 2004 (CTIC, 2004). As manure injection still
stands as a viable BMP for nutrient management, it is important to consider the economic
and environmental impacts associated with manure injection relative to broadcast
application in no-tillage systems.
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A major benefit of liquid manure injection, when done directly before seeding
(i.e., spring application), is that it can reduce N volatilization losses and result in greater
retention of crop bioavailable N (Cornell University Cooperative Extension, 2015).
Greater nutrient conservation via manure injection can reduce additional needs for further
N fertilizer inputs within the same growing season. Second, injecting manure in a notillage system can also greatly reduce the risk of phosphorus runoff as compared to
tillage-based application methods; particulate phosphorous is highly mobile and thereby
susceptible to losses via runoff as tillage intensity increases. Indeed, Miller et al. (2019)
conducted a four-year study observing the impacts of manure injection or broadcast
application on loads of total phosphorous, dissolved phosphorus, particulate phosphorus,
and total solids in overland and subsurface flow. The authors found that shallow-disc
injection was more effective than broadcast application at diluting dissolved
phosphorous, and to a lesser extent, total phosphorous; the broadcast plots also promoted
greater runoff of particulate phosphorous compared to injection. Third, manure injection
may preserve soil structural integrity by lack of compaction relative to tillage-based
incorporation of manure (Cornell University Cooperative Extension, 2015). A good soil
structure is important to allow water and air to infiltrate into the soil profile for healthy
crop production while also reducing soil erosion caused by excess surface runoff.
While manure injection can reduce nutrient runoff, leaching, ammonia
volatilization, and reduce soil erosion and compaction, it is important to mention
potential downfalls of this manure application technique. In addition to N2O emissions,
we observed greater CO2 production following manure injection relative to broadcast
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application, likely as a result of mechanical soil disturbance from the injection bands,
despite the claim that this method causes minimal disturbance. As injection bands were
10 cm wide, it is probable that the soil disturbance from manure injection was great
enough to release labile organic matter from soil aggregates along with introducing O2
into the soil profile for enhanced decomposition rates. This finding would emphasize the
need for future designs of manure injection equipment. Specifically, we suggest for future
engineering designs to minimize the amount of soil disturbance occurring from the
coulters during liquid manure injection in order to minimize soil disturbance and
subsequent CO2 pulses. To reduce N2O emissions from manure injection, we also suggest
for liquid manure to be injected to deeper depths (~5 cm below the soil surface) with a
mechanism to immediately cover injections slots with soil post-injection.
The initial investment of manure injection equipment (e.g., tank and injector) can
also be a large barrier to utilizing this practice as prices can exceed $100,000 (Cornell
University Cooperative Extension, 2015). However, prices for equipment are variable
and are highly determinate by the farmer’s needs. Therefore, when purchasing manure
injection equipment, it is important to consider the size of the cropping system, the
number of hours the equipment will be used in the field, and additional equipment needed
including nurse trucks (i.e., manure storage and transportation to applicators), draglines,
fuel, and operator costs. Manure injection can also be more time consuming when
compared to broadcast application and thus add additional labor and fuel costs. Finally,
using manure injectors equipment can also be more difficult to use relative to broadcast
spreaders and require greater experience; lack of experience can damage equipment.
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Achieving a cropping system that completely eliminates non-point source
pollution and gaseous emissions by retaining applied fertilizer on-site while
simultaneously improving soil health and crop yields is perhaps the largest feat of
sustainable food production. Indeed, it may not be a realistic goal to achieve all of these
management goals simultaneously at this time. However, with more studies focusing on
combining multiple BMPs in differing locations, collectively, there is still potential to
greatly alter the environmental impacts agricultural practices are currently promoting by
identifying BMPs that are best suited to specific climates and soil types. Although we
observed tradeoffs with manure injection, no-tillage, and cover crops, we still endorse
this cropping system combination due to its potential to improve soil health. Improved
soil health should not only help stabilize crop responses but also begin to sequester
greater concentrations of organic C, which also acts as a nutrient reservoir in which the
cash crop can use. Greater nutrients stored in soils as a result of an increase in soil
organic matter would potentially reduce the need for conventional fertilizer rates, thereby
reducing the impact of fertilizer amendment on the climate system (i.e., C and N
transformations to greenhouse gasses) and water quality. We would also suggest for corn
silage systems in the Northeast to be fertilized in the spring as we saw greater N uptake
during this time relative to fall application, further reducing the amount of nutrients
susceptible to being lost from the system. Building sustainable food production systems
that will meet food, fuel, and fiber demands for a growing population while reducing
negative environmental impacts is one of the paramount current issues humanity faces
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today. Through further research of agricultural BMP combinations, advancements in
cropping equipment, and political support, the sizable and seemingly grueling
undertaking of sustainable crop production will become a concern of the past.
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